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A B S T R A C T

Indigenous bacterial populations in fresh-cut produce processing facilities can have a profound effect on the
survival and proliferation of inadvertently contaminating foodborne pathogens. In this study, environmental
samples were collected from a variety of Zone 3 sites in a processing plant before and after daily routine sa-
nitation. Viable mesophilic aerobic bacteria population was evaluated using both culturing method and quan-
titative real-time PCR (qPCR) after propidium monoazide treatment. Zone 3 surface microbiota were analyzed
using 16S rRNA gene amplicon sequencing with the Qiime2 bioinformatic pipeline. Over 8000 bacterial species
across 4 major phyla were identified in Zone 3 microbiomes in the processing facility. Overall, effective bacterial
reduction was observed at the sampling sites on the production floor, while sanitation effect on peripheral
surfaces was less evident. Effective sanitation resulted in both quantitative and qualitive shifts of Zone 3 mi-
crobiota. Several species were highly abundant at multiple sample sites for both winter and summer samplings.
Based on the spatial and temporal distribution of the most abundant species, a Zone 3 core microbiome in the
processing facility was tentatively described to included Cupriavidus sp., Pseudomonas sp., Ralstonia sp.,
Arthrobacter psychrolactophilus, Pseudomonas veronii, Stenotrophomonas sp., and an unknown species of the family
Enterobacteriaceae.

1. Introduction

Contamination of fresh produce by foodborne pathogens could be
originated at various stages of production, including field growth and
post-harvest processing. Recent examples are Escherichia coli O157
contamination on ready-to-eat salad in 2013, and on alfalfa sprouts in
2016; Listeria monocytogenes contamination on cantaloupe in 2011, and
on packaged salads in 2016; and Salmonella contamination on tomatoes
in 2006, and on pre-cut melon in 2018 (CDC, 2018). An environment
that is arguably more important for food safety risk assessment but to
date has received less attention, is the processing environment. Even
though environmental bacteria are generally not considered food safety
concerns, they are important indicators of the environmental hygiene of
the processing facility (Ferreira et al., 2014; Moretro and Langsrud,
2017; Pérez-Rodríguez et al., 2018). Thus, cleaning and sanitizing are
usually performed at the end of production shift to remove plant debris,
soils, and microbial contaminants that accumulate on surfaces during

processing (Moretro and Langsrud, 2017) and is a part of an overall
food safety program for most food processing plants. Proper sanitation
is also a requisite of Good Manufacturing Practices (GMPs) that food
processors must comply. However, bacteria have varying degrees of
tolerance to routine sanitation, and some may colonize and persist in
the environment by forming biofilms. These residential bacteria may be
transmitted to food products and potentially affect food quality and
safety (Moretro and Langsrud, 2017).

Investigating the effect of sanitation and environmental conditions
on microbial communities in food processing environments can provide
exciting possibilities for understanding microbial dynamics of food
ecosystems and ultimately lead to safer, more efficient, and sustainable
food-production practices (Bokulich et al., 2016). The total bacterial
counts, such as APC (aerobic plate count), have been commonly used by
industry to evaluate the efficiency of sanitation processes. However, the
identity of the bacteria in produce processing environments and their
impact on food quality and safety are mostly unknown (Moretro and
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Langsrud, 2017). Bacterial contamination within fresh produce pro-
cessing factories has been addressed in several studies using traditional
microbiological methods based on cultivation and molecular typing
(Aguado et al., 2004; Holah et al., 2004; Kaneko et al., 1999;
Pappelbaum et al., 2008). Nevertheless, compared to studies of the
microbiota in other food production environments, such as seafood
processing (Moretro et al., 2016), meat, and dairy processing (Hultman
et al., 2015; Stellato et al., 2017) environments, microbiota associated
within fresh produce processing facilities have not been extensively
analyzed with metagenomics approaches. Additionally, little is known
about the effect of routine sanitation practices in fresh-cut produce
processing facilities on the diverse microbial communities on various
types of environmental surfaces (Moretro and Langsrud, 2017).

Food manufacturers typically manage facilities by zoning
(Brouillette, 2018; FDA, 2018; Simmons and Wiedmann, 2018). Zone 1
is composed of surfaces that are in direct contact with food materials,
such as flumes and conveyer belts, and Zone 2 typically include
equipment used for food processing excluding surfaces that directly
contact the unpackaged foods. Zone 3 refers to surface areas in the
processing facility excluding Zones 1 and 2, such as floors, drainage,
walls etc., while Zone 4 refers to external surfaces associated with food
processing, such as hallways, break rooms etc. Zone 3, while not in
direct contact with food materials, are diverse niches and can harbor
microbial communities that potentially interact with Zones 1 and 2, and
the safety outcomes of the food products. In this study, the Zone 3
microbiome was assessed in the fresh-cut produce processing environ-
ment impacted by sanitation. The DNA-modifying dye propidium
monoazide (PMA) was applied during sample preparation to ensure the
focus on viable microbial communities on surface samples (Chiao et al.,
2014; Nocker et al., 2010). Quantitative-PCR (qPCR) estimation of 16S
rRNA gene copies was incorporated with sequencing data to analyze the
absolute abundances of specific bacterial taxa across different samples
(Gu et al., 2018).

2. Materials and methods

2.1. Food environmental surface sample collection and processing

In this study, a large commercial fresh-cut produce processing plant
in eastern United States was sampled twice in late winter (end of
February) and early summer (mid-June) of 2017. At each sampling
time, environment surface samples were collected at 10 Zone 3 non-
food contact surface areas at the end of production shift before daily
sanitation, and after sanitation but before the start of the morning shift.
The temperature of the processing facility was maintained at about 5 °C.

The 10 Zone-3 sites covered areas at the production floor, including
two cement floor locations (CF1 and CF2), two mezzanine floor loca-
tions (MF1 and MF2), and two drain covers (DC1 and DC2), and at the
peripheral surfaces, including two entrance doors (DR1 and DR2) and
two walls (WL1 and WL2). The materials of sampled surfaces include
acrylic-modified cement (Floor and Wall), metal (Mezzanine floor and
Drain cover), plastic and metal (Door: polyvinyl chloride door panel
and metal handle). Sites CF1, CF2, and MF1 were alongside one pro-
cessing line, proximal to the start (spinach loading) and the end (de-
water centrifuge) of the washing operation, and the start (platform for
the weigh-distributer) of the packing operation, respectively. Site MF2
is another mezzanine floor adjacent to a different flume. Sites DC1 and
DC2 were drain covers on the washing floor. Sites DR1 and DR2 were
the in-side of two entrance doors that are primarily used by workers
and technical staff, and samples were taken targeting the handle and
the surrounding area. Sites WL1 and WL2 were front and rear sides of
the walls, and samples were taken at areas about 1.5 m above the floor.

An area of 400 cm2 of the selected surface at each sampling site was
defined with a sterile template and sampled by vigorously rubbing ten
times with a sterile sponge (Whirl-Pak, Nasco, Fort Atkinson, WI) hy-
drated with 20ml of sterile Dey/Engley Neutralizing Broth (D/E;

Becton, Dickinson and Company, Franklin Lakes, NJ). For surfaces with
uneven contours, the sampled areas were approximated. Samples of the
same sites before and after sanitation were collected from adjacent
areas of surface. Sampling sponges were placed in sterile stomacher
bags (Whirl-Pak) and transported to the laboratory on ice. All samples
were processed within 5 h.

Sample sponges were pummeled for 2min in a stomacher (Lab
Blender, Seward Medical, Ltd., Sussex, UK) and the liquid squeezed out
by hand. The same process was repeated by transferring the liquid into
a tube and replenishing the bag with another 20ml D/E broth to en-
hance microbial recovery from the sponge. Combined liquid (40ml) of
each sample was filtered by a sterile Whirl-Pak filter bag (Nasco, Fort
Atkinson, WI) with 0.3mm perforation, and split into four 10-ml por-
tions. In total, 160 surface samples were processed for following plate
count, qPCR and sequencing analyses.

2.2. Bacterial enumeration

For plate counting, 100 μl of the filtrate of each sample and its 10-
fold dilution were spiral plated on tryptic soy agar plates with poly-
sorbate and lecithin (TSA-PL, Sigma, St. Louis, MO), and vegitone plate
count agar plates (PCAeV, Sigma) in duplicates as described previously
(Gu et al., 2018). Plates were incubated at 30 °C for 2 days and all co-
lonies enumerated using a Flash & Go automatic colony counter (IUL,
Barcelona, Spain). Total bacterial population was also estimated by
qPCR, as described below.

2.3. PMA treatment and DNA extraction

The split filtrate (10ml) was centrifuged for 15min at 4500g to
precipitate bacterial cells. The precipitated cells were further con-
centrated by microcentrifugation (14,000 g for 10min). Finally, pel-
leted cells were re-suspended in 500 μl PBS with 50 μM DNA-modifying
dye propidium monoazide (PMA, Biotium, Fremont, CA). The cell sus-
pension was incubated in dark for 10min at room temperature, fol-
lowed by light exposure for 10min at a distance of 20 cm from a 650-W
halogen light source (Sachtler R651HS; Camera Dynamics, Inc., Valley
Cottage, NY) on ice as described by Chiao et al. (2014). Cells were
washed with PBS twice and collected by centrifugation at 14,000g for
10min.

PMA treated cells were re-suspended in 150 μl TE buffer (Thermo
Fisher Scientific) with 10mg/ml lysozyme (Epicentre, Madison, WI)
and 5mg/ml proteinase K (Eicentre), and incubated at 37 °C for 10min.
Bacterial DNA of each sample was extracted using Mobio Powersoil
DNA isolation kit (Qiagen, Gaithersburg, MD) following the supplier's
instructions. Extracted genomic DNA was stored at −80 °C until use.

2.4. Quantitative real-time PCR (qPCR)

qPCR targeting a highly conserved 180 bp portion of 16S rRNA gene
(Clifford et al., 2012) was performed on a Mx3005P QPCR system
(Agilent technology Inc. Savage, MD) to estimate the total 16S rRNA
gene copy numbers. Each 25 μl reaction mix contained 12.5 μl of 2×
QuantiTect GotoTaq qPCR Master Mix (Promega, Madison, WI), 1 μl of
forward and reverse primers to a final concentration of 0.5 μM, 8.5 μl
water, and 2 μl DNA templates with proper dilution if necessary.
Standard curves were generated in every qPCR run using serial dilu-
tions of chromosomal DNA of known concentration extracted from E.
coli using the same method. In brief, the 16S rRNA gene copy numbers
of E. coli DNA standards were defined as reported before (Brankatschk
et al., 2012). The total 16S rRNA gene copy numbers were calculated
based on the linear regression of the logarithm values of standards and
cycle threshold (CT) values of qPCR. CT numbers and baseline were
determined automatically using the Noiseband algorithm. All PCR were
performed in triplicate. The inferred absolute abundances of identified
taxa in the surface DNA samples were calculated by multiplying the
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total 16S rRNA gene copy numbers of each sample by the taxonomic
relative abundance (RA) of each taxon in the sample calculated from
the 16S amplicon sequencing described below (Liang et al., 2015).

2.5. 16S rRNA gene amplicon sequencing and sequence analysis

Sample DNAs were processed for 16S amplicon sequencing fol-
lowing the Earth Microbiome Project protocol (Caporaso et al., 2012;
Caporaso et al., 2011) using MiSeq (Illumina). MiSeq Reagent 600-cy-
cles v3 and 500-cycles v2 kits (Illumina) were used for sequencing
winter and summer samples, respectively. The barcode primer sets of

515F and 806R were used to amplify the 16S rRNA gene fragment
(Apprill et al., 2015; Parada et al., 2016). The v4 region of bacterial 16S
rRNA gene was targeted for metagenomic analyses.

Illumina sequence data were sorted based on unique barcodes and
quality-controlled using the Quantitative Insights Into Microbial
Ecology Qiime2 (version 2017.8, https://docs.qiime2.org/2017.8/)
with plugins demux (https://github.com/qiime2/q2-demux), dada2
(Callahan et al., 2016) and feature-table (McDonald et al., 2012). Alpha
and beta diversity analyses were performed by using plugins alignment
(Katoh and Standley, 2013), phylogeny (Price et al., 2010), diversity
(https://github.com/qiime2/q2-diversity), and emperor (Vazquez-

Fig. 1. Total aerobic plate count (A, winter sampling; C, summer sampling) and 16S rRNA gene quantification of live bacteria (B, winter sampling; D, summer
sampling) on environmental surfaces subjected to routine sanitization.
*, indicates significant reduction after sanitization (P < 0.05). Bars indicate standard error (SE). The 10 sampling sites cover surface areas at the production floor,
including two cement floor locations (CF1 and CF2), two mezzanine floor locations (MF1 and MF2), and two drain covers (DC1 and DC2), and at the peripheral
surfaces, including two entrance doors (DR1 and DR2) and two walls (WL1 and WL2).
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Baeza et al., 2013). A pre-trained Naive Bayes classifier based on the
Greengenes 13_8 99% OTUs database (http://greengenes.
secondgenome.com/), which has been trimmed to include the v4 re-
gion of 16S rRNA gene, bound by the 515F/806R primer pair, was
applied to paired-end sequence reads to generate taxonomy tables.
Taxonomic and compositional analyses were conducted by using plu-
gins feature-classifier (https://github.com/qiime2/q2-feature-
classifier), taxa (https://github.com/qiime2/q2-taxa) and composition
(Mandal et al., 2015).

2.6. Statistical analysis

With plate count enumeration and qPCR estimation, bacterial CFU
values and 16S rRNA gene copy numbers were log transformed to
present the population densities for normalization. Since the logarithm
of zero is undefined, the plate count data and 16S copy numbers of the
top five bacterial species were transformed using the formula
log10(CFU+1) or log10 (16 copies +1) (Kloepper and Beauchamp,
1992; Luo et al., 2016). Analysis of variance (ANOVA) was performed
to analyze the difference of both bacterial populations by plate count
and 16S rRNA gene copy numbers by qPCR among different type of
samples. Pearson's correlation coefficients were calculated to evaluate
the correlations between the shift in bacterial populations and 16S
rRNA gene copy numbers among samples collected from different sites
before and after sanitization. The levels of top five bacteria species
among different types of surface samples in the produce processing
environments were also analyzed by ANOVA. To evaluate the impact of
routine sanitization, sample sites/surface materials, and sampling
times, the differences of alpha diversity indexes, including evenness and
Shannon index, and beta diversity analysis by the Weighted UniFrac
method, among samples were analyzed by Kruskal–Wallis H test and
Permutational multivariate analysis of variance (PERMANOVA) ana-
lysis, respectively, in Qiime 2. All other statistical analyses were per-
formed using SAS (SAS release 9.3, SAS Institute Inc., Cary, North
Carolina). Except when stated otherwise, P values of< 0.05 were
considered statistically significant.

3. Results and discussion

3.1. Zone 3 microbial distribution and effectiveness of sanitation

Identical Zone 3 surface areas in a fresh produce processing facility
were sampled twice about 4months apart for microbiome assessment.
For each sampling, adjacent surface of identical dimensions was sam-
pled before and after daily sanitation. Aerobic bacterial populations at
these sampled sites were determined by non-selective plating on TSA-
PL and PCA-V (Fig. 1A and C). There was no significant difference
between the cell counts on these plates (Data not shown), and hence
data presented here was based on the calculation using the average cell
counts on the two media.

Prior to sanitation, surface areas on the production floor (Sites CF1,
CF2, MF1, MF2, DC1, and DC2) generally had relatively high counts of
aerobic bacteria. An exception was Site CF2, which was adjacent to the
de-watering centrifuge and was often inundated in produce wash water.
On the other hand, the peripheral surfaces (Sites DR1, DR2, WL1, and
WL2) had much lower aerobic bacterial counts, with exception for Site
DR1, which is an entrance door of general use that leads to the dressing
area. In the summer sampling, Site WL2, a wall surface to the back of
the production floor, also exhibited exceptional high bacterial counts.
After sanitation, all sites in the production area consistently showed
significant reduction in aerobic bacterial population, except for Site
CF2 during the summer sampling. This deviation was likely due to the
fact that the sampled site was found inundated in produce wash water
prior to the scheduled pre-sanitation sampling. Overall, the data is
consistent with effective sanitation on the production floor. In contrast,
for the peripheral surfaces (walls and doors) the reduction in aerobic

bacterial population was often minimal, which suggested that saniti-
zation on such surfaces was less effective. The low effectiveness at
certain sampling sites could be due to multiple factors, including sur-
face materials, surface construction, and sanitation quality, which were
out of the scope of this study. While it was generally true (with ex-
ceptions as noted above) that sampled surface on the production floor
had higher pre-sanitation contamination and higher microbial reduc-
tion by sanitation compared to the peripheral surface for both winter
and summer samplings, those from the summer sampling overall yield
significantly higher populations of aerobic microbial counts.

Total bacterial population at the sampled sites was also estimated by
qPCR targeting16S rRNA gene (Fig. 1B and D). Similar to that observed
by plate count, qPCR showed that16S rRNA gene copy numbers were,
in general, significantly higher at sites on the production floor than
those at peripheral surface, and that more significant reduction in 16S
rRNA gene copies was achieved at the sites on production floor. The
estimated bacterial 16S rRNA gene copy numbers of these samples by
qPCR were significantly correlated to the population density de-
termined by plate count (P < 0.01). The significant increases of total
16S rRNA gene copies on surface samples in summer sampling com-
pared to winter sampling was also consistent with that observed by the
plate counting as mentioned above. Overall, 16S rRNA gene copies
calculated by qPCR were about 0.9 log higher than the aerobic bacterial
populations determined by plate count. This was consistent with the
multi-copy nature of the 16S rRNA gene, and the presence of non-me-
sophilic-aerobic bacterial, as well as other bacterial cells that fail to
grow under the conditions of the experiments (Ramamurthy et al.,
2014; Vetrovsky and Baldrian, 2013). However, some inconsistencies of
population changes after sanitation were observed between plate count
and qPCR analyses for floor CF2, DR1, and DR2 samples from the
winter sampling, and DR1 for the summer sampling. These samples
were from the surface sites that did not show consistent sanitation ef-
fects.

3.2. Microbiome on environmental surface samples as determined by 16S
rRNA gene survey

The v4 region of 16S rRNA gene was targeted for sequencing ana-
lyses, and the sequencing data have been submitted to NCBI (Accession
No.: PRJNA428376). After Paired-end merge and quality control ana-
lyses using Qiime2, 16S rRNA gene amplicon sequencing of the 80
surface samples from the winter sampling using MiSeq v3 kit generated
13,527,313 sequence reads in total, with a range of 74,095 to 333,346
reads per sample. Queries to the Greengene database using these se-
quences identified a total of 6831 OTUs in the 80 surface samples, in-
cluding 59 archaea, 6355 bacteria, 405 eukaryotes (chloroplast and
mitochondria), and 12 unassigned OTUs. All eukaryote reads, which
counted for 40.65% of the total 13,527,313 reads, and unassigned reads
(0.09%) were purged prior to data analysis of bacterial communities on
surfaces in food environment. The 59 Archaea OTUs were further
classified as 16 species, while the bacteria OTUs were classified into
953 species. These bacterial reads represented 35 phyla; 4 of them,
Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria, had re-
lative abundance of> 1%. An additional 52,343 bacterial reads (0.39%
of the total reads) can only be assigned to the domain Bacteria.

Sequencing of the 80 surface samples from the summer sampling
using MiSeq v2 kit generated 5,503,803 sequence reads in total, with a
range of 10,794 to 155,334 reads per sample. A total of 3002 OTUs
were identified, including 10 archaea, 2990 bacteria, 61 eukaryotes,
and 2 unassigned OTUs. All eukaryote reads (31.83% of the total reads)
and unassigned reads (0.14%) were purged prior to data analysis. The
2990 bacteria OTUs were classified into 25 phyla and 662 species. Like
the winter sampling data, 4 phyla, Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria, had relative abundance of> 1%.
0.26% of the total reads can only be assigned to the domain Bacteria.

Paired-end reads (2079 per sample) of each surface sample were
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randomly selected for alpha and beta diversity analyses. The evenness
of bacterial communities in the 10 sample sites ranged from 0.33 to
0.89, and the Shannon index ranged from 1.98 to 6.67 (Fig. S1). There
were no significant differences among sample sites or between sampling
times for the two alpha indexes (P < 0.05).

Proteobacteria was the phylum with the highest abundance from
the tested surface samples, accounting for 82.8% and 74.5% of the total
bacterial reads for winter and summer samplings, respectively (Fig. 2).
The phyla with the second highest RA in surface samples was Firmi-
cutes (8.9% in winter and 11.8% in summer). Actinobacteria (7.4% in
winter and 4.4% in summer) and Bacteroidetes (1.6% in winter and
5.6% in summer) were the other two major phyla identified in the
processing facility.

At the genus and species level, a Cupriavidus species had the highest
average RA in tested surface samples in both winter and summer
samplings (Fig. 3). The RA of the identified Ralstonia sp. ranked the 3rd
and 7th in winter and summer samplings, respectively. The RA of an
unknown species of family Enterobacteriaceae ranked the 2nd and 9th
in winter and summer samplings, respectively. Pseudomonas spp. were
also the major bacterial taxa identified in the food processing en-
vironments (Fig. 3), which has been reported as a common genus on
produce and in food production environment (Hibbing et al., 2010;
Langsrud et al., 2016; Moretro and Langsrud, 2017). All the most
abundant species (top 5) belonged to the phylum Proteobacteria, except
a psychrophilic bacterium, Arthrobacter psychrolactophilus (Loveland-
Curtze et al., 1999), isolated during winter sampling.

3.3. Zone 3 microbiome impacted by routine sanitation

At individual species level, the total 16S rRNA gene copy numbers
were estimated using information of relative abundance of each species
and qPCR determination of total rDNA copy numbers. The effectiveness
of sanitation was matched to the changes of species specific 16S rRNA
gene copies (Fig. 4) for the top 5 most abundant species. Cupriavidus sp.
had the highest population density on average in winter sampling,
while 3 Pseudomonas spp. were the top 3 bacteria on sampled surfaces
in summer, especially before sanitation.

The 16S rRNA gene copies of Pseudomonas spp. decreased most
noticeably on the sample sites that showed significant sanitation ef-
fectiveness for both the winter and summer samplings (Figs. 1 and 5).
The decreasing rates (slopes) of the Cupriavidus sp. at both sampling
times and the Ralstonia sp. in winter sampling on most floor surface
sites were significantly lower than that of Pseudomonas spp. Such de-
crease in 16S rRNA gene copies for the top 5 species were not observed
for the sites that did not show significant sanitation effectiveness. In-
terestingly, regardless the number of copies in the pre-sanitation sam-
ples, 16S rRNA gene copy numbers in post-sanitation samples for Cu-
priavidus sp., Ralstonia sp., and family (f-) Enterobacteriaceae sp. in
winter sampling, and Cupriavidus sp. in summer sampling, tended to
reach a more comparable level. This observation might suggest that
bacterial cells of these species could be redistributed at low levels by
the sanitation process itself, or some other mechanism after sanitation.

Fig. 5 shows the divergence of microbiota characteristics at each
sample site by principal coordinate analysis (PCoA). In general, the four
repeat samples for each sampling event at each site were closely clus-
tered, with few exceptions. In most cases, the clusters were well

Fig. 2. Relative abundance of major bacteria phyla (relative abundance> 1%) on surface samples affected by sanitation. A. Later winter samples; and B. Earlier
summer samples.
Bars represent standard errors. Only phyla comprising> 1% (average relative abundance) of the bacteria identified in at least one type of samples were included.
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Fig. 3. Relative abundance of bacteria species (relative abundance>3%) on surface samples at winter (A) and summer (B) samplings.
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separated by sampling time, indicating considerable dissimilarities at
given sampling sites for late winter and early summer. The effect of
routine sanitation on microbiota at given samples sites was varied. For
those sites that effective sanitation resulted in significant decrease in
aerobic bacterial population, greater separation of pre- and post-sani-
tation clusters was observed (eg. MF1, DC1), indicating that the bac-
terial population reduction was both quantitative and qualitive. In
contrast, less significant cluster separating (eg. DR1, WL1, WL2) was
observed for sites that did not show a significant sanitation effect.
Overall, greater cluster separation was observed for the summer sam-
pling, possibly a reflection of more effective sanitation, or greater initial
microbiome richness.

3.4. Residential and transient microbiota in processing environment

The sampling site specific microbiomes derived by 16S rRNA gene
amplicon survey provided snapshots of the microbial composition at the
sampling time, including both transient and residential microbiota. To

generate a more comprehensive view of the residential microbiota in
the processing facility, the spatial and temporal presence of the most
abundant species were examined at each sampling event. The top 10
species at each sampling site and each sampling event were compiled,
which encompassed a total of 70 bacterial species (data not shown). Of
these 70 species, 25 appeared only one time as top 10 in any of the
samplings, and another 12 appeared as top 10 in<3 sample sites at all
the events. They seemed typical transient species and were not further
discussed. The remaining 33 species are listed in Table 1. Several of
these species had greater tendency of appearing in great abundance in
either winter (eg. Methylobacterium sp., Agrobacterium sp.) or summer
(eg. f-Oxalobacteraceae sp., Streptococcus luteciae, Herbaspirillum sp.)
sampling and their presence in the processing facility is more likely
transient. Such bias was not seen with most of the other species that
were frequently found among the most abundant taxa at various sam-
pling sites and events, and were more likely residential to the facility.
Several species were more likely to be found in pre-sanitation (eg.
Pseudomonas fragi, Pseudomonas viridiflava) or post-sanitation (eg.

Fig. 4. Population changes of the top 5 bacteria species of surface samples from winter (A) and summer (B) samplings. Bars represent standard errors.
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Fig. 5. Microbiome relatedness affected by sanitation. Principal coordinate analysis was performed to compare bacterial communities on food processing en-
vironmental surfaces of winter (blue) and summer (red) samplings pre-sanitation (solid circle) and post-sanitation (ring). Note that axes are not in equal scale. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Bacterial species frequently present in high abundance in various sampled sites.

Species

Frequencya Ra ob

Site 
(n=10)

Sample 
(n=40)

A 
(n=10)

B 
(n=10)

C 
(n=10)

D 
(n=10)

AC:BD AB:CD

Cupriavidus sp. 10 32 10 10 5 7 15:17 20:12

f-Enterobacteriaceae sp. 10 29 7 10 6 6 13:16 17:12

Pseudomonas sp. 10 28 8 8 8 4 16:12 16:12

Ralstonia sp. 9 25 7 8 4 6 11:14 15:10

Arthrobacter psychrolactophilus 9 24 7 9 2 6 9:15 16:8

Pseudomonas veronii 8 19 5 3 8 3 13:6 8:11

Stenotrophomonas sp. 8 13 4 8 1 0 5:8 12:1

Escherichia coli 8 10 1 1 1 7 2:8 2:8

f-Comamonadaceae sp. 7 11 3 5 1 2 4:7 8:3

f-Oxalobacteraceae sp. 7 10 1 0 3 6 4:6 1:9

Streptococcus luteciae 7 8 0 0 2 6 2:6 0:8

Herbaspirillum sp. 7 8 0 0 2 6 2:6 0:8

Bacillus cereus 6 9 3 3 2 1 5:4 6:3

Morganella morganii 6 6 0 0 1 5 1:5 0:6

Methylobacterium sp. 5 8 5 3 0 0 5:3 8:0

Pseudomonas fragi 4 8 3 0 4 1 7:1 3:5

Arthrobacter sp. 4 6 2 1 2 1 4:2 3:3

Agrobacterium sp. 4 4 1 3 0 0 1:3 4:0

f-Micrococcaceae sp. 4 4 0 1 1 2 1:3 1:3

Bacteroides fragilis 4 4 0 0 0 4 0:4 0:4

Exiguobacterium sp. 3 6 2 1 2 1 4:2 3:3

Planomicrobium sp. 3 5 1 1 2 1 3:2 2:3

Pedobacter sp. 3 5 0 1 2 2 2:3 1:4

Chryseobacterium sp. 3 5 1 0 3 1 4:1 1:4

Methylobacterium adhaesivum 3 5 0 1 2 2 2:3 1:4

Psychrobacter sp. 3 4 2 0 1 1 3:1 2:2

Acinetobacter sp. 3 4 2 0 1 1 3:1 2:2

Janthinobacterium lividum 3 4 1 1 1 1 2:2 2:2

Cryocola sp. 3 4 3 1 0 0 3:1 4:0

Pseudomonas viridiflava 3 3 2 0 1 0 3:0 2:1

Bacillus sp. 3 3 0 1 1 1 1:2 1:2

Erwinia sp. 3 3 0 0 3 0 3:0 0:3

Corynebacterium sp. 3 3 3 0 0 0 3:0 3:0
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Morganella morganii, Bacteroides fragilis) samples, which might hint for
decreased or increased sensitivity, respectively, to routine sanitation.
Several other species, including Cupriavidus sp., f-Enterobacteriaceae
sp., Pseudomonas sp., Ralstonia sp., Arthrobacter psychrolactophilus,
Pseudomonas veronii, and Stenotrophomonas sp., consistently appeared in
high abundance at nearly all the sampling sites at multiple sampling
events, and are likely to constitute the core residential microbiota of the
processing facility. This view is consistent with previous observation
that packaged spinach from the same facility had significantly increased
copies of Cupriavidus sp., f-Enterobacteriaceae sp., and Ralstonia sp.
rDNA compared to that on spinach before washing (Gu et al., 2018),
which may suggest the presence of these bacteria as biofilms in water
system or other food contact materials or surfaces (Fairbrother et al.,
2013; Lerch et al., 2017; Liu et al., 2016). Due to the low ambient
temperature at the processing environment, microorganisms thriving at
or tolerant to low temperatures were expected to be among the re-
sidential microbiota. Indeed, multiple psychrophilic bacteria, including
Arthrobacter psychrolactophilus and Psychrobacter sp. (Loveland-Curtze
et al., 1999; Bozal et al., 2003), were identified among the top 10
dominant species. Species of several dominant genera identified in this
study, like Pseudomonas, were also reported to be psychrophilic (Singh
et al., 2009). Nevertheless, bacterial species and genera generally
characterized as mesophilic were abundantly represented among the
proposed core residential microbiota, as determined by the culture-in-
dependent metagenomic analyses, which underlines the complexity of
residential microbiota establishment. Identification of the core re-
sidential microbiota in processing facilities could facilitate the saniti-
zation strategies and development of preventive controls to improve
food safety during commercial processing operations.

4. Conclusion

Zone 3 microbiome in a fresh produce processing facility was ex-
amined by 16S rRNA gene amplicon survey, using surface samples
taken from diverse locations and surface types before and after routine
sanitation during winter and summer seasons. Viable bacterial counts
on various types of surfaces on the production floors were more con-
sistently and significantly reduced after sanitation compared to the
peripheral surfaces. Effective sanitation was correlated to greater re-
duction in bacteria populations and shifts of the surface microbiome.
Based on their nearly ubiquitous abundant presence among various
surfaces samples, Cupriavidus sp., f-Enterobacteriaceae sp., Pseudomonas
sp., Ralstonia sp., and a small number of other species were proposed
components of core residential microbiome in the fresh produce pro-
cessing facility. This provides contextual information on the microbial
ecology of diverse bacterial communities on different types of surfaces
in fresh-cut produce processing environments, which can benefit fur-
ther studies on the interaction of microbes during produce production,
and the prevention of cross contamination of foodborne pathogens and
spoilage microorganisms, leading to better understanding of the dy-
namics and population heterogeneity of microbial communities in a
complex food system.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2019.02.002.
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