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ABSTRACT Microbial complexity and contamination levels in food processing
plants heavily impact the final product fate and are mainly controlled by proper en-
vironmental cleaning and sanitizing. Among the emerging disinfection technologies,
ozonation is considered an effective strategy to improve the ordinary cleaning and
sanitizing of slaughterhouses. However, its effects on contamination levels and envi-
ronmental microbiota still need to be understood. For this purpose, we monitored
the changes in microbiota composition in different slaughterhouse environments
during the phases of cleaning/sanitizing and ozonation at 40, 20, or 4 ppm. Overall,
the meat processing plant microbiota differed significantly between secondary pro-
cessing rooms and deboning rooms, with a greater presence of psychrotrophic taxa
in secondary processing rooms because of their lower temperatures. Cleaning/sani-
tizing procedures significantly reduced the contamination levels and in parallel in-
creased the number of detectable operational taxonomic units (OTUs), by removing
the masking effect of the most abundant human/animal-derived OTUs, which be-
longed to the phylum Firmicutes. Subsequently, ozonation at 40 or 20 ppm effec-
tively decreased the remaining viable bacterial populations. However, we could ob-
serve selective ozone-mediated inactivation of psychrotrophic bacteria only in the
secondary processing rooms. There, the Brochothrix and Pseudomonas abundances
and their viable counts were significantly affected by 40 or 20 ppm of ozone, while
more ubiquitous genera like Staphylococcus showed a remarkable resistance to the
same treatments. This study showed the effectiveness of highly concentrated gas-
eous ozone as an adjunct sanitizing method that can minimize cross-contamination
and so extend the meat shelf life.

IMPORTANCE Our in situ survey demonstrates that RNA-based sequencing of 16S
rRNA amplicons is a reliable approach to qualitatively probe, at high taxonomic res-
olution, the changes triggered by new and existing cleaning/sanitizing strategies in
the environmental microbiota in human-built environments. This approach could
soon represent a fast tool to clearly define which routine sanitizing interventions are
more suitable for a specific food processing environment, thus limiting the costs of
special cleaning interventions and potential product loss.

KEYWORDS gaseous ozone, RNA-based surveillance, meat processing plants,
spoilage bacteria, environmental microbiota

tis widely recognized that food processing plants are colonized by a broad variety of
microorganisms. These environments are some of the main sources of food contam-
ination, and their proper cleaning/sanitizing plays a key role in the subsequent product
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shelf life (1). This is particularly true for red meat processing; together with the
endogenous microbiota of the cattle carcasses, the environmental microbiota of the
slaughterhouse heavily impacts the bacterial contamination of the final product (2).
Contamination of the meat occurs mainly during the deboning of quarters and the
subsequent manipulations of primal cuts (cutting, mincing, and trimming) before
packaging, which take place in the deboning rooms (DRs) and secondary processing
rooms (PRs), respectively (3-5). During these manipulations, the bacteria (especially
psychrotrophic) from human skin, cleaning waters, and meat cuts are collected on the
surfaces of chopping boards, conveyor belts, and equipment. Accordingly, meat cross-
contamination reaches the highest level when cleaning and sanitizing are improperly
performed and meat exudates are available for bacterial growth (6-9).

It has been observed that the common core spoilage microbiota in different meat
products and processing plants is mainly composed of Gram-negative bacteria derived
from dust, cleaning water, or air, while the Gram-positive species of animal origin are
usually less abundant and specific for each processing plant and meat product (6, 10).
The spoilage microbiota housed in meat processing plants can be also divided into two
groups, i.e., transient and resident populations. The latter group is mainly composed of
bacteria capable of forming a biofilm, a multispecies interaction that promotes cell
attachment on food contact surfaces and confers to microbes resistance to sanitizing
treatments (11). It should be pointed out that, during red meat processing, psychro-
trophic biofilm-forming genera like Pseudomonas, Psychrobacter, Acinetobacter, and
Brochothrix represent the spoilage bacteria shared more between working surfaces
and the meats (7).

Disinfection of food contact surfaces in such environments is a challenging task, and
meat industries are constantly seeking new ecofriendly and economical solutions to
optimize the cleaning and sanitizing process, which should be designed to guarantee
a microbial reduction equal to the daily accumulation. In addition, such alternative
treatments should be tested in order to verify reduction of pathogenic microorganisms
(12). In this frame, periodic treatments with gaseous ozone are considered a comple-
mentary practice to improve the effectiveness of ordinary environmental cleaning and
sanitizing, mainly inactivating the airborne microbiota (13). Indeed, ozone has been
shown to inactivate bacteria (14, 15), filamentous fungi (16, 17), yeasts (18), viruses (16),
and mycotoxin synthesis (19). Concerning bactericidal activity, molecular ozone and the
derived free radical species operate first through oxidative lysis of the membranes and
cells (20), while the definitive bacterial inactivation is mainly due to the damage of
internal cell structures and the deactivation of oxidative stress-protective mechanisms
of bacteria (21, 22). Unlike other chemical sanitizers used in the food processing plants,
the main advantage of using gaseous ozone is its spontaneous decomposition to
oxygen. However, its disinfecting capability needs to be assessed on site, taking into
account any possible specific resistance of spoilage bacteria or pathogens (23).

Here, we aim to provide comprehensive monitoring of the environmental microbi-
ota in red meat processing plants, as well as its compositional changes after routine
cleaning/sanitizing procedures and after additional ozonation treatments at 4, 20, and
40 ppm. To accomplish this goal, we coupled the RNA-based amplicon sequencing of
16S rRNA with plate counts in order to map the viable microbiota and to define any
specific bacterial group inactivation. This approach provides detailed scenarios of the
environmental microbiota distribution in the processing plants and the changes caused
by cleaning/sanitizing and ozonation steps.

RESULTS

Microbial landscape of the meat processing plants. To explore the microbiota
composition and distribution of three red meat processing plants, a total of 278
environmental swabs were collected during three temporal phases (Table 1), i.e., before
cleaning (BQ), after cleaning/sanitizing (ACS), and after three different ozone treatments
(AOT4, AOT20, and AOT40). The environmental microbiota of plant A, which contains
a DR and a secondary PR, and those of the single-room environments of plants B (PR)
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FIG 1 (a) Stacked bar plots showing the microbiota composition (relative abundance) in phylum, class, and family taxon ranks, with a color coding key; samples
are grouped according to the origin (plant and room type) and then according to the temporal phase (BC, ACS, or AOT). (b) Venn diagram displaying the number
of shared OTUs at the genus level (or the highest taxonomic rank available when genus determination was not achievable) among the four environments
considered (A-DR, A-PR, B-PR, and C-DR). (c) Box plots displaying the logarithmically transformed relative abundances of core OTUs in the four environments;
Kruskal-Wallis test P values are displayed, and different box plot colors highlight significantly different abundances (P < 0.05 [FDR adjusted], Kruskal-Wallis and
Wilcoxon tests).

and C (DR) were mainly composed of Firmicutes, Proteobacteria, and Actinobacteria,
while Bacteroidetes, Cyanobacteria, and Deinococcus-Thermus represented minor phyla
(Fig. 1a). In all samples, Firmicutes comprised primarily Staphylococcaceae and Strepto-
coccaceae, while Proteobacteria mainly contained members of Burkholderiaceae and
Moraxellaceae.

Subsequently, we decided to explore the microbiota composition to the genus level
(or to the highest taxonomic resolution available when genus identification was not
achievable), since the numbers of operational taxonomic units (OTUs) classified to the
species level were limited. Overall, we detected a total of 452 OTUs, excluding the
singletons. Parametric permutational multivariate analysis of variance (PERMANOVA)
performed on this OTU abundance matrix showed that the greatest portion of bacterial
community variance was explained by temporal phases and environments (R?2 = 0.055
and R? = 0.052, respectively; P = 0.001), while processing plant and room type
contributed to explain smaller portions of the overall variance (R? = 0.029 and R? =
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0.023, respectively; P = 0.001) (see Table S1 in the supplemental material). Microbiota
variance was not affected (P > 0.001) by the surface categories considered, which were
chopping board (S1), conveyor belt (S2), and smooth steel surfaces (S3). Accordingly,
we analyzed separately the microbiota of the four environments (A-DR, A-PR, B-PR, and
C-DR) across the temporal phases considered, whereas data collected from the three
surface categories were pooled for each of the four environments.

Regardless of the impact of cleaning/sanitizing and ozonations, 155 of these 452
OTUs were shared by the four environments (Fig. 1b). It is noteworthy that A-DR and
A-PR showed greater numbers of environment-specific OTUs (60 and 59 OTUs, respec-
tively) than shared OTUs (32 OTUs), although they were located in the same plant.
Within the pool of 155 shared OTUs, the genera Streptococcus, Staphylococcus, Propi-
onibacterium, Acinetobacter, Carnobacterium, Brochothrix, Pseudomonas, Achromobacter,
and Psychrobacter, together with the family Burkholderiaceae, constituted the core
microbiota of these processing plants, representing more than 50% of the relative abun-
dance in 80% of the samples collected. As far as their spatial partitioning (Fig. 1c),
Staphylococcus and Streptococcus were homogeneously distributed across the four envi-
ronments, while Brochothrix-Carnobacterium and Propionibacterium-Burkholderiaceae were
significantly (P < 0.001) more abundant in the environments B-PR and C-DR, respectively.
By considering the two room types and thus the meat manipulation activities occurring
inside, the OTUs identified as Acinetobacter, Psychrobacter, and Pseudomonas were signifi-
cantly (P < 0.001) more abundant in the two secondary PR environments, regardless of the
processing plant of origin.

Co-occurrence patterns at the sub-OTU level. A total of 9,888,845 reads assigned
to the 10 core OTUs were individually oligotyped in order to investigate their micro-
diversity at single-nucleotide resolution and to identify co-occurrence patterns at the
sub-OTU level across the four environments. Of a total of 1,711 oligotypes, more than
93% were found in all four environments and 96% were homogenously distributed on
the three meat contact surfaces considered (Fig. S1).

As far as the taxonomic classification of oligotypes is concerned, Burkholderiaceae,
Brochothrix, and Propionibacterium encompassed single species, identified as Paraburk-
holderia fungorum, Brochothrix thermosphacta, and Propionibacterium cyclohexanicum,
respectively (Table 2). The remaining seven OTUs harbored a minimum of two (Achro-
mobacter) to a maximum of nine (Staphylococcus) different species. As a first step to
investigate the oligotype distribution, we calculated for each OTU the checkboard (C)
and togetherness (T) scores, which indicate an environmental pairwise partitioning of
the oligotypes based on patterns of presence-absence (high C scores) or aggregation
(high T scores). These two indices were negatively correlated with each other (Spear-
man'’s correlation, rho = —0.9; P < 0.01), but the C scores were positively correlated
with the numbers of oligotypes (rho = 0.82; P < 0.05) and species (rho = 0.80; P < 0.05)
found in each OTU.

Subsequently, the significant positive pairwise correlations existing among oligo-
types (Spearman'’s correlation, rho > 0.6; P [false discovery rate {FDR}] < 0.001) were
used to infer a correlation network for each OTU and to visualize subnetwork groups of
oligotypes with high rates of co-occurrence, defined as modules. Interestingly, in the
Staphylococcus, Streptococcus, Carnobacterium, Acinetobacter, and Achromobacter net-
works, the oligotypes co-occurred in relation to the species of belonging, while lower
correspondence among covarying modules and oligotype species was observed for
Pseudomonas and Psychrobacter (Fig. 2). To exclude the possibility that these sub-OTU
correlation patterns were simply determined by temporal succession of species during
the three phases (BC, ACS, and AOT) or different distributions in the four environments,
we assessed the numbers of pairwise correlations existing among oligotypes of the
same species in all environments in the three temporal phases. In accordance with the
network modules, the majority of positive pairwise correlations (Spearman’s correlation,
rho > 0.6; P [FDR] < 0.001) occurred among oligotypes of the same species for Staph-
ylococcus, Streptococcus, Acinetobacter, and Achromobacter, highlighting within these
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FIG 2 Co-occurrence networks of bacterial oligotypes belonging to Achromobacter, Acinetobacter, Psychrobacter, Pseudomonas, Propionibacterium, Carnobac-
terium, Streptococcus, and Staphylococcus. Each network is based on the log-transformed relative abundance matrix of each genus, and the edges represent
significant positive correlations (co-occurrence) between the oligotypes (nodes) by means of Spearman’s correlations (rho > 0.6; FDR, P < 0.001). Nodes were
made proportional to the weighted degree (total occurrence of an oligotype in the whole data set) and are colored in relation to the species of belonging. Edges
were made proportional to the Spearman’s rho value. The M and D values shown in the box represent the modularity (clustering coefficient) and density

(calculated using the ratio of the number of edges) of each genus-based network.

genera a spatial species segregation independent of environment and time (Fig. S2);
that is, in each of the four environments, the microorganisms of the same species
shared the same sampling area during the three temporal phases (BC, ACS, and AQT),
excluding the simultaneous presence of other species of the same genus.

Effectiveness and selectivity of cleaning/sanitizing procedures and ozonation.
In order to assess the effectiveness of cleaning/sanitizing procedures and the subse-
quent ozone treatments, the total viable counts (TVCs) of mesophilic bacteria were
determined in each of the four environments (A-DR, A-PR, B-PR, and C-DR) after each
phase. The TVCs before cleaning ranged from 4 to 8 log CFU/dm?, and the B-PR
environment showed the highest counts in all phases (BC, ACS, and AOT). The cleaning/
sanitizing procedures reduced significantly (P < 0.01) the TVCs in all environments,
whereupon only the ozone treatments at 40 and 20 ppm significantly decreased the
remaining TVCs (P < 0.01) (Fig. 3). Taking into account TVC dynamics and the compen-
satory properties of relative abundance, we regarded the reduction of OTU abundances
across the phases as meaningful indices to explain the impact of cleaning/sanitizing
and ozonation on the microbiota composition.

In this regard, after cleaning/sanitizing, the relative abundance of Firmicutes de-
creased significantly (P < 0.01) in the environments A-DR, A-PR, and B-PR but not in the
environment C-DR. Depending on the environments considered, the cleaning/sanitiz-
ing procedures determined significant (P < 0.05) reductions of Streptococcus (A-DR,
A-PR, and B-PR), Carnobacterium (A-DR and A-PR), Brochothrix (A-DR, A-PR, and C-DR),
and Staphylococcus (A-PR) abundances (Fig. 4a). In parallel with these abundance
reductions, the numbers of observed species increased significantly (P < 0.05) after
these procedures in all environments (Fig. 4b), resulting in a marked increase of
Shannon's diversity (P < 0.001) in the environments of plant A and in the Chao1 index
(P < 0.01) in the environments B-PR and C-DR. However, in A-PR only, the microbiota
before (BC) and after (ACS) cleaning/sanitizing represented two phylogenetically dis-
tinct communities (Fig. 4c), in accordance with both a-diversity (phylogenetic diversity
[PD] whole tree, P < 0.01) and B-diversity (weighted UniFrac distance, Adonis results,
and analysis of similarities [ANOSIM], P < 0.001) parameters.

The 40-, 20-, and 4-ppm ozonation treatments did not additionally modify the a-
and B-diversity metrics observed after cleaning/sanitizing of plants A, B, and C. In terms
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FIG 3 TVCs detected in the four environments (A-DR, A-PR, B-PR, and C-DR) across the three temporal phases, i.e.,
BC, ACS, and AOT performed at 40 ppm (A-DR and A-PR), 20 ppm (B-PR), or 4 ppm (C-DR) of ozone (concentrations
used are displayed for each environment). Box plot colors highlight significant differences (P < 0.05 [FDR adjusted],

Kruskal-Wallis and Wilcoxon tests) among the TVCs of the three temporal phases (BC, ACS, and AOT).

of relative abundance variations, Proteobacteria decreased significantly (P < 0.05) after
ozonation at 40 ppm performed in the environment A-PR but not in the environment
A-DR (data not shown). At the genus level, we observed significant (P < 0.01) decreases
of Carnobacterium and Pseudomonas abundances in both secondary PRs treated with
40 and 20 ppm of ozone. In addition, Brochothrix, for which OTU abundance was still
marked after cleaning/sanitizing of B-PR, was significantly affected by 20-ppm ozona-
tion carried out in this environment (Fig. 5a). Among the other abundant OTUs, the
genera Staphylococcus, Streptococcus, and Propionibacterium and the Burkholderiaceae
family did not seem affected by the ozone treatments. To elucidate the extent by which
a significant abundance decrease of a given genus was representative of its actual
sensitivity to the treatments, microbial counts of Brochothrix, Pseudomonas, and Staph-
ylococcus were determined in the environment B-PR in parallel with the RNA-based
surveillance (Fig. 5b). In accordance with the sequencing data, we observed a signifi-
cant (P < 0.05) decrease of viable counts for Brochothrix and Pseudomonas and a steady
Staphylococcus population before and after 20-ppm ozonation (P > 0.05).

DISCUSSION

Our study provides the landscape of potentially active microbiota in red meat
processing plants and highlights the main shifts in the core microbiota composition
occurring after cleaning/sanitizing and ozonation. This RNA-based surveillance was
carried out on meat contact surfaces, which are useful indicators for the control of the
procedures of cleaning and disinfection (24). The majority of bacterial sequences
collected from these surfaces belonged to Actinobacteria, Firmicutes, and Proteobacte-
ria, which are recognized as the dominant phyla in indoor environments with food
processing activities (8, 25). Going more deeply in the microbiota composition, meat
processing plants showed a greater number of OTUs (400 to 500 OTUs at the genus/
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FIG 5 (a) Pseudo-heatmap summarizing the abundance variations of the 10 core OTUs (>50% of the total
abundance in >80% of the samples) occurred during the ozone treatments. Asterisks highlight significant
decreases in relative abundances in each environment after ozone treatment at 40, 20, or 4 ppm (FDR-adjusted
P value from Wilcoxon'’s test). *, 0.05; **, 0.01; ***, 0.001. (b) Viable counts of Brochothrix, Pseudomonas, and
Staphylococcus before (ACS) and after (AOT 20) the 20-ppm ozonation carried out in the environment B-PR; box
plot colors highlight significant differences between ACS and AOT 20 counts (P < 0.05 [FDR adjusted], Wilcoxon'’s
test).

species level) than did dairies and meal cooking centers (24, 26, 27), confirming that
they harbored more complex microbiota than similar food processing plants (7-9).
Unlike findings observed in ecological surveys of breweries, wineries, cooking
centers, and kitchens (24, 25, 28-30), the microbiota composition of each environment
did not vary across the surface categories in relation to their structure, layout, or
material. We can speculate that here the daily cleaning with pressure washing yields
intensive bacterial dispersion and determines a homogeneous distribution of the
microbiota across chopping boards, conveyor belts, and smooth steel surfaces of tables
and machines. Instead, significant variations of microbiota composition were observed
mainly among the environments and the temporal phases, as well as in relation to the

FIG 4 Legend (Continued)

differences (FDR-adjusted P value from Wilcoxon's test); *, 0.05; **, 0.01; ***, 0.001. (c) PCoA chart displaying the weighted UniFrac distance
matrix (B-diversity) of the environment PR of plant A before (BC) and after (ACS) cleaning/sanitizing procedures; BC and ACS are different
communities (P < 0.001 [FDR adjusted], ANOSIM and Adonis tests).
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type of room. In this regard, the greater abundance and persistence of psychrotrophic
taxa (Acinetobacter, Psychrobacter, Pseudomonas, and Brochothrix) in secondary PRs is
likely correlated with the lower temperatures of these environments, in comparison
with those of the DRs (12). Except for this spatial partitioning, the other abundant OTUs
were ubiquitously distributed in all environments.

However, oligotyping analysis and co-occurrence networks highlighted, in each
environment and regardless of temporal phase, a meaningful spatial segregation of
species belonging to Staphylococcus, Streptococcus, Acinetobacter, and Achromobacter
genera. In this frame, intragenus species competition has been already observed for
Streptococcus and Staphylococcus on human skin, mouth, and nostrils (31-33), and it is
likely that genetically closest ecotypes tend to compete for the same niches also in
meat processing plants. Since the extent to which positive correlations among abun-
dances reflects their ecological interactions is still unclear (34, 35), the intragenus
species competition hypothesized here needs further investigations, which are beyond
the scope of this observational exploratory study. In addition, by oligotyping the core
microbiota we investigated to a deeper taxonomic level the potential presence of
pathogens in the processing plants, such as in the case of the Burkholderiaceae family,
for which all oligotypes were identified as Paraburkholderia fungorum by excluding the
presence of the Burkholderia cepacia pathogen complex (36-38).

As far as the two temporal phases considered, cleaning/sanitizing reduced the
bacterial counts in all environments. Moreover, in this phase the physical removal of the
most abundant human/animal-derived Firmicutes strains increased the number of
detectable OTUs, which were previously masked on uncleaned surfaces (39). The
bacterial population that survived to cleaning/sanitizing was further reduced by ozone
treatments at 40 and 20 ppm, concentrations at which efficacy has been proven for
surfaces artificially contaminated with foodborne pathogens (40, 41). The ineffective-
ness of the 4-ppm ozone treatment is in contrast to its in vitro efficacy for shorter
treatment times (41). The complexity of treated surfaces (roughness, porosity, and
notches), the high contamination level, and the presence of highly oxidizable residues
can limit the bacterial inactivation and killing capabilities of ozone, which would
explain the differences between the previous in vitro outcomes and our in situ obser-
vations (13, 42, 43). Taking into account the low temperature of these environments, we
must also consider that cold stresses can increase bacterial resistance to ozone (44). All
together, these observations pointed out the need to confirm on site, in each food
processing environment, the efficacy of any ozone treatment previously observed in vitro.

Focusing on ozone selectivity, since the N-acetylglucosamine constituting the pep-
tidoglycan layer is poorly oxidizable, Gram-positive organisms are generally considered
more resistant than Gram-negative organisms (13, 20, 45). The abundance decreases of
Proteobacteria observed in one of the two environments treated with ozone at 40 ppm
seem to confirm this assumption. In parallel, the discrepancies in bacterial inactivation
produced by the same ozonation protocol in two different environments highlight how
the selectivity of any antimicrobial treatment is dependent on the initial composition
of the treated microbiota, both in foods and in processing environments (46, 47).
Accordingly, only in the two secondary PRs (A-PR and B-PR) did the higher concentra-
tions of ozone (40 and 20 ppm) show a selective inactivation capability toward bacteria,
as already observed in several survival assays (14, 15, 41, 48). In terms of relative
abundance, the psychrotrophic genera associated with these environments (Pseudomo-
nas, Psychrobacter, Brochothrix, and Carnobacterium) showed significant sensitivity to
ozone, while a remarkable resistance was observed for the ubiquitous Staphylococcus,
Streptococcus, Proteobacterium, and Burkholderiaceae. We are aware that RNA-based
amplicon sequencing has a limited quantitative capability. However, the rRNA abun-
dance of a given taxon can indicate its ecological potential for growth and acclimation
in response to external stimuli like ozone with greater reliability than other sequencing
methods (49, 50). This was confirmed in the present study; concordance was observed
in the trend of the viable counts and the relative abundance by rRNA amplicon
sequencing for Brochothrix, Pseudomonas, and Staphylococcus. Focusing on the survival
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capability of these genera with ozone, the literature data are often discordant and
direct comparisons are difficult or pointless in relation to different treatment times,
ozonation modes, and detection methods, as well as the aforementioned discrepancies
between in vitro and in situ conditions (14, 15, 23, 41, 48, 51, 52). Beside the comparison,
it is noteworthy that high ozone concentrations selectively inactivated Brochothrix and
Pseudomonas, which survived to cleaning/sanitizing and are commonly responsible of
meat spoilage during the product shelf life (53-55).

In summary, we showed that high-concentration ozonations are effective antimi-
crobial treatments to be used in addition to and complementing current cleaning/
sanitizing procedures in meat processing plants. The selective bacterial inactivation
observed after single treatments undoubtedly needs additional investigations, in order
to clearly define the effects of prolonged and routine ozone exposures on the resident
microbiota of these and other food processing plants. Although the practical conclu-
sion of this survey can be dichotomously summarized as effectiveness or ineffective-
ness of a given treatment, based on microbial count, the complementary 16S rRNA
metataxonomic analysis performed here allowed us to understand how the layout and
organization of a food processing environment impact the microbial distribution and
thus affect the sanitizing interventions. Similar approaches will be largely used by food
industries to make final decisions regarding sanitizing aspects and product shelf life.

MATERIALS AND METHODS

Ozonation treatments, sampling procedures, and microbiological analysis. Three red meat
processing environments located in the same geographical area (Piedmont, northwest Italy) were treated
for 12 h with gaseous ozone. Briefly, the environment A, which composed of two rooms (PR and DR), was
treated with 40 ppm of ozone, while the single rooms of the environments B (PR) and C (DR) were treated
with 20 and 4 ppm of ozone, respectively (Table 1). A minimum of two independent treatments were
performed in each plant (A, B, and C), at 3-week intervals, from January to March 2018. The environ-
mental ozone treatments were carried out during the weekly closing days of the slaughterhouses after
the completion of their routine cleaning and sanitizing procedures. The gas was produced by using an
ozone generator (model Power-H; Industrie De Nora SpA, M, Italy) fed by pure oxygen, with a nominal
production capacity of 100 g O,/h, and inflated into sealed rooms, and the effective concentrations were
constantly monitored by the recirculation of ozone-enriched air from the chamber through a BMT 964
UV-photometric ozone analyzer (BMT Messtechnik Gmbh, Germany), which controlled the ozone gen-
erator output. In each room, up to 11 environmental samples (9,118 = 215 cm?, on average) were chosen
from three different categories of meat contact surfaces, i.e., (i) chopping boards (Teflon); (ii) conveyor
belts (Teflon and rubber); and (iii) machines, equipment, and tables (smooth steel surfaces). Knives and
small equipment (saws, slicer blades, and internal mincer parts) were not sampled since they undergo
specific cleaning/sanitizing procedures and are often removed from the environment at the end of
butchering activities. The same areas were sampled at three different time points, i.e., before the cleaning
procedures (BC); 1 h after cleaning and sanitizing (ACS); and after the end of ozone treatments (AOT),
which included the 12-h treatment and the further gas decay (from 8 to 24 h; final concentration, <1
ppm). The surface samples were aseptically collected with sponges (sterile sample bags with specimen
sponges; VWR International, Leuven, Belgium) that had been previously hydrated with 10 ml of buffered
peptone water (BPW; Sigma), stored at 5°C, and analyzed.

After a further addition of 5ml of BPW, the sponges were manually massaged for 2 min and
squeezed, yielding approximately 10 ml of suspension. An aliquot of 5 ml was centrifuged, and the pellet
was collected and stored with RNA-later (Ambion, Thermo Scientific, Milan, Italy) at — 80°C until RNA
extraction and amplicon-based sequencing analysis were performed.

The remaining 5 ml was added to 45 ml of BPW and used to perform microbiological analyses by
counting TVCs of mesophilic bacteria on plate count agar (Biolife s.p.a., Milan, Italy) incubated at 30°C for
72 h, Brochothrix spp. on streptomycin-thallous acetate-actidione medium (Biolife) incubated at 25°C for
48 h, Pseudomonas spp. on Pseudomonas agar base with cetrimide-fucidin-cephaloridine selective
supplement (Biolife) incubated at 25°C for 48 h, and Staphylococcaceae on mannitol salt agar (Oxoid)
incubated at 30°C for 48 h. Microbiological data were expressed and statistically analyzed as log-
transformed CFU per square decimeter.

RNA extraction and cDNA synthesis. Total RNA was extracted using the Master Pure complete DNA
and RNA purification kit (Epicentre, Madison, WI, USA) according to the manufacturer’s instructions. Three
microliters of Turbo DNase (Ambion) was added to digest the DNA in the RNA samples, with an
incubation of 3 h at 37°C. The complete denaturation of genomic DNA was confirmed by PCR
amplification of the partial 16S rRNA gene, using forward primer FD1 and reverse primer RD1 (56). The
quality of the extracted RNA was evaluated and quantified using a NanoDrop spectrophotometer
(Thermo Scientific, Milan, Italy). The cDNA was synthesized from 2 ug of RNA with the Moloney murine
leukemia virus reverse transcriptase system (Promega, Milan, Italy), as described previously (46).

Amplification, sequencing, and data processing. V3 to V4 region libraries were constructed from
the 16S rRNA gene region by using primers and conditions described previously (46). The PCR products
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were purified by means of an Agencourt AMPure kit (Beckman Coulter, Milan, Italy), and the resulting
products were tagged with sequencing adapters using the Nextera XT library preparation kit (lllumina,
San Diego, CA), according to the manufacturer’s instructions. Sequencing was performed using an
lllumina MiSeq system with v3 chemistry, which generated 2 X 250-bp paired-end reads. MiSeq Control
Software v2.3.0.3, RTA v1.18.42.0, and CASAVA v1.8.2 were used for the base calling and lllumina barcode
demultiplexing processes.

Paired-end reads were first assembled using FLASH software (57) with default parameters. Joint reads
were further quality filtered (at Phred scores of <Q20) using QIIME v1.9.0 software (58), and short reads
(<250 bp) were discarded through Prinseq (59). Chimera filtering was performed with USEARCH software
v8.1 (60). OTUs were picked at a 97% similarity threshold by UCLUST (60) algorithms, and centroid
sequences of each cluster were matched to the Greengenes 16S rRNA gene database v2013.

After sequencing, a total of 18,952,580 raw reads (2 X 250 bp) were obtained from 297 samples. After
merging, a total of 13,643,420 reads passed the filters applied by QIIME, with an average value of 48,802
reads/sample and a sequence length of 460 bp. In order to avoid biases due to the different sequencing
depths, OTU tables were rarefied to 5,000 reads/sample by limiting the further analysis to 278 samples. The
rarefaction analysis and Good's coverage percentages indicated an average value of 94.1%. When the
taxonomy assignment was not able to reach the genus, the highest taxonomic level available was displayed.

Oligotyping. Within-OTU diversity was resolved using the oligotyping procedure described previ-
ously (61). Briefly, all reads assigned to the 10 most abundant OTUs were extracted, and Shannon’s
entropy analysis was performed in order to identify positional variations at the single-nucleotide level
that explained the biological diversity within each OTU. The list of OTUs oligotyped, taxon assignments,
initial numbers of reads, average Shannon'’s entropy values, high-entropy positions chosen (“C" option),
and minimum substantive abundance values (“M” option) are summarized in Table S2 in the supple-
mental material. Moreover, each oligotype was required to appear in at least 10 samples at 1.0%
abundance (“A” option), to reduce the noise generated by low-abundance oligotypes. BLASTn (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) was used to query the representative oligotype sequences against the
NCBI database, and the top hits (higher percent identity values) were considered for taxonomic
assignment.

Statistical analysis. Statistical analyses and data plotting were performed using the R program for
Statistical Computing v3.6.0 (http://www.r-project.org) unless otherwise stated. In detail, the normality
and homogeneity of the data (log-transformed abundances and counts) were checked by means of the
Shapiro-Wilk W test and Levene’s tests, respectively. Kruskal-Wallis nonparametric tests were used to
assess the overall variation and differences between the multiple groups. Comparisons between indi-
vidual groups were performed with Wilcoxon'’s test. Non-normally distributed variables were presented
in box plots as medians (with the interquartile range, minimum and maximum values, and outliers).

PERMANOVA was conducted to quantitatively evaluate the effects of each categorical variable (plant,
environment, room type, surface category, and temporal phase) or their interactions on the variations in
bacterial communities (OTUs abundances) using the Adonis function based on 999 permutations and
Brey-Curtis dissimilarity distances. Distribution of the OTUs and oligotypes along the environments or surface
categories was visualized with a Venn diagram by using Venny v2.1 (http://bioinfogp.cnb.csic.es/tools/venny).

The a-diversity was assessed by analyzing the number of observed species, the Chao1l index, the
Shannon-Wiener diversity index H’, and the PD whole tree. All parameters were calculated using the
diversity function of the vegan package (62). The B-diversity among bacterial communities was visualized
by plotting the principal-coordinate analysis (PCoA) of the weighted UniFrac distance matrix with
EMPeror (63); Adonis and ANOSIM statistical tests were used to detect significant differences among the
microbial communities, as considered by using the weighted UniFrac distance matrices.

For each OTU analyzed, we calculated the mean checkerboard (C) and togetherness (T) scores among
oligotypes using the R package bipartite. The co-occurrence among oligotypes was investigated by
analyzing the log-transformed abundances with Spearman’s rank correlation, which is recommended as
a robust method for nonparametric data (64); positive correlations were considered significant with
Spearman’s rho values of >0.6 and P values [FDR] of <0.001. Significant correlations were used to infer
co-occurrence networks and to detect the presence of recurrent subnetwork modules (groups of
oligotype that covary) through the algorithm described by Blondel and colleagues (65). Oligotype
networks were visualized using the program Gephi v0.9.2-beta (https://gephi.org).

Data availability. Sequencing data were deposited in the NCBI Sequence Read Archive (SRA) under
BioProject accession number PRINA629433.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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