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ABSTRACT

After cleaning and disinfection (C&D), surface contamination can still be present in the production environment of food
companies. Microbiological contamination on cleaned surfaces can be transferred to the manufactured food and consequently
lead to foodborne illness and early food spoilage. However, knowledge about the microbiological composition of residual
contamination after C&D and the effect of this contamination on food spoilage is lacking in various food sectors. In this study,
we identified the remaining dominant microbiota on food contact surfaces after C&D in seven food companies and assessed the
spoilage potential of the microbiota under laboratory conditions. The dominant microbiota on surfaces contaminated at >10>
CFU/100 cm? after C&D was identified based on 16S rRNA sequences. The ability of these microorganisms to hydrolyze
proteins, lipids, and phospholipids, ferment glucose and lactose, produce hydrogen sulfide, and degrade starch and gelatin also
was evaluated. Genera that were most abundant among the dominant microbiota on food contact surfaces after C&D were
Pseudomonas, Microbacterium, Stenotrophomonas, Staphylococcus, and Streptococcus. Pseudomonas spp. were identified in
five of the participating food companies, and 86.8% of the isolates evaluated had spoilage potential in the laboratory tests.
Microbacterium and Stenotrophomonas spp. were identified in five and six of the food companies, respectively, and all tested
isolates had spoilage potential. This information will be useful for food companies in their quest to characterize surface
contamination after C&D, to identify causes of microbiological food contamination and spoilage, and to determine the need for

more thorough C&D.
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Standard operating procedures, among which are
regular cleaning and disinfection (C&D), are developed
and used in the food industry to eliminate foodborne
pathogens and to reduce contamination with spoilage
organisms to acceptable levels in the production environ-
ment. Despite these measures, surface contamination after
C&D in food processing facilities still occurs (35, 36).
Microbiological contamination on cleaned surfaces can be
transferred to the manufactured food and can lead to
foodborne illness when pathogens are present (1, 2, 9, 22).
Most foodborne outbreaks reported in the European Union
in 2016 were caused by Salmonella (responsible for 65.8%
of all bacteria-associated outbreaks) and Campylobacter
(28.3%), with 9,061 and 4,606 affected individuals,
respectively (14). Early food spoilage can be caused by
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residual spoilage organisms (or their spores) on food contact
surfaces. Bacillus and Pseudomonas species are known
spoilage organisms in dairy products (71, 26, 34, 38), and
lactic acid bacteria (LAB) shorten the shelf life of meat
products (5, 15, 34). Biofilms containing pathogenic or
spoilage microorganisms can cause or maintain contamina-
tion on surfaces or food products (6, 15, 21, 23).

In a previous study (24), residual contamination on
food contact surfaces after C&D was mapped and
characterized in terms of bacterial levels and chemical
composition. Bacterial contamination after C&D of food
contact surfaces ranged from <0.22 to 7.23 log CFU/100
cm? (mean * standard deviation of 3.62 = 1.20 log CFU/
100 cm?) on contaminated surfaces. However, information
about the microbiological composition of this residual
contamination after C&D and the importance of this
contamination for food spoilage in various food sectors is
lacking.
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TABLE 1. Food companies and food contact surfaces sampled on one to three sampling occasions®

No. of isolates

No. of recovered
surfaces No. of surfaces from
Food company Food products sampled” which isolates were recovered® PCA PAB
Oven food Ready-to-heat products (e.g., 11 4 (2 conveyor belts, 2 parts of the 30 0
croquettes, lasagna, puff filling system)
pastry bites) 11 8 (3 conveyor belts, 5 parts of the 65 0
filling system)
Dairy 1 Milk powder 10 4 (pasteurizer, evaporator, 2 49 7
manifolds)
Ice cream, cheese, butter 13 2 (capacitor, homogenizer) 6 0
Dairy 2 Whipped cream, other 6 3 (pipe, sterilizer, storage tank) 10 0
pasteurized dairy products
Meat 1 Cooked ham, paté 8 3 (2 parts of the brining line, 11 0
rinsing device)
15 5 (3 parts of the brining line, 2 38 0
parts of the rinsing device)
Meat 2 Cooked ham, cooked sausage, 20 6 (4 conveyor belts, knife of a 62 24
paté slicing line, rack)
20 6 (4 conveyor belts, knife of a 28 22
slicing line, table)
17 0 0 0
Egg processing Pasteurized egg products (e.g., 11 4 (2 parts of the egg breaker, 32 4
whole egg, egg yolk, egg collection container, conveyor
whites) belt)
11 7 (part of the egg breaker, 35 12
conveyor belt, stirring tool, 2
storage tanks, 2 parts of the
filling system)
Sauce Hot and cold sauces (e.g., 5 2 (2 parts of the filling system) 21 0
mayonnaise, bolognaise, 5 3 (3 parts of the filling system) 20 0
pickles) 7 0 0 0

“ Isolates were collected from contaminated surfaces after C&D and recovered on plate count agar (PCA) and Pseudomonas agar base

(PAB) with Pseudomonas CFC selective agar supplement.

b Microbiological enumeration and chemical analyses were previously described by Maes et al. (24).
¢ A random selection of the samples with TACs > 10* CFU/100 cm?® was used for identification of the dominant flora.

In the present study, the dominant bacteria remaining
on food contact surfaces after C&D in several food
companies were collected and further characterized. The
isolates were identified by 16S rRNA sequencing, and their
occurrence in the companies was studied. Because bacteria
on food contact surfaces can be transferred to food products,
these isolates also were assessed under laboratory condi-
tions to estimate their role in food spoilage.

MATERIALS AND METHODS

Sampling and microbiological contamination of surfaces
in food companies. This study was conducted with samples
collected in a previous study (24). The samples were taken from
several surfaces in seven Belgian food companies after C&D
(producers of oven foods, meat products, sauces, and egg
products) or after cleaning (producers of dairy products) (Table
1). The parts of the production line that were in contact with food,
such as conveyor belts, pipelines, storage tanks, and trolleys, were
sampled during two sampling periods, and samples were evaluated
for their microbiological load and chemical composition. In that
study, total aerobic counts (TACs) ranged from <0.22 to 7.23 log
CFU/100 ecm?. For three food companies (dairy company 1, meat
company 2, and the egg processing company), Pseudomonas spp.

were also enumerated, and counts were in the same range as the
TACs. Proteins were found in 20% of the chemically analyzed
surface samples (n = 165), and carbohydrates and uronic acids
were found in 15 and 8% of the samples, respectively. When
chemical and microbiological results were combined, 17% of the
sampled surfaces in the seven food companies appeared to be
contaminated with both a high number of microorganisms (>10?
CFU/100 ¢cm®) and at least one of the analyzed chemical
components, which can indicate the presence of biofilms (24).

Microbiological characterization of surface contamina-
tion. (i) Isolate collection. Following microbiological and
chemical analysis of the samples conducted in the previous study
(24), a random selection of microbiological contaminated food
contact surfaces (n = 57; TAC > 10? CFU/100 cm?) were further
characterized in the present study by focusing on the dominant
flora. Pseudomonas levels were determined, and isolates were
recovered on Pseudomonas agar base (PAB; CMO0559, Oxoid,
Basingstoke, UK) and Pseudomonas CFC selective agar supple-
ment (SR0103, Oxoid) (» = 16). The plates with the highest serial
10-fold dilutions in which growth occurred represented the
dominant microbiota. Based on morphology, 2 to 17 colonies
were selected from plate count agar (PCA; CM0325, Oxoid), and
1 to 8 colonies were selected from PAB for each of the
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contaminated surface samples. Colonies were streaked and
incubated on new PCA plates at least three times to obtain pure
cultures. The pure cultures were inoculated into brain heart
infusion broth (CM1135, Oxoid) with 15% glycerol
(8.18709.1000, Merck, Darmstadt, Germany), incubated for 2
days at 30°C, and stored at —80°C.

A total of 407 isolates from surface samples after C&D were
recovered on PCA and 69 on PAB (Table 1). Isolates were
classified into three bacterial abundance classes. For isolates
recovered on PCA, classes were <3 log CFU/100 cm? (low
bacterial levels), 3 to 5 log CFU/100 cm? (medium levels), and >5
log CFU/100 cm? (high levels). For isolates recovered on PAB, the
classes were 2 log CFU/100 cm? (low level), 2 to 4 log CFU/100
em?® (medium level), and >4 log CFU/100 cm? (high level).

(ii) Identification of the isolates. From each isolate, except
those that could not be cultivated after storage at —80°C (35 of the
476 isolates), DNA was collected according to the method of
Strandén et al. (39). DNA extracts were stored at 4°C and used on
the same day for (GTG)s PCR as described by Maes et al. (25) for
clustering of the isolates. Of the 441 isolates included in the
(GTG)s fingerprint clusters, 327 were selected for identification
based on the their patterns as representatives of visually defined
clusters. For clusters with two or three isolates, one isolate was
selected to identify the complete cluster. For clusters with four or
more isolates, a minimum of two isolates were selected for
identification. The 16S rRNA gene was amplified for identification
of the selected isolates according to the method of Maes et al. (25).
PCR products were sequenced by Macrogen Europe (Amsterdam,
The Netherlands). Sequence reads of >500 bp were used for
further analysis in EzTaxon (20). The species in the database with
the highest similarity (minimum of 98.5%) and completeness was
used to assign the isolates to a putative species. When different
species with the same similarity and completeness level were
found for an isolate, these isolates were identified to genus only. In
total, 16S rRNA sequencing led to the identification of 281 of the
327 isolates. With the (GTG)s fingerprint results, a total of 382 of
the 476 isolates were identified to genus or species.

(iii) Evaluation of the spoilage potential of the isolates.
For isolates that were successfully identified from growth on PCA
and PAB, spoilage potential was evaluated under laboratory
conditions. All isolates were evaluated for their potential to
hydrolyze proteins, lipids, or phospholipids. Other spoilage tests
(production of hydrogen sulfide, fermentation of lactose and
glucose, and degradation of starch and gelatin) were performed on
a limited number of isolates, depending on the type of product
manufactured in each company (Table 2).

To evaluate the spoilage potential, the selected isolates were
recultivated on PCA plates from the glycerol stocks held at —80°C.
A positive control was included for each spoilage test and each
batch of tested isolates. For the evaluation of proteolysis, isolates
were streaked on PCA plates with 17% (v/v) skimmed milk and
incubated at 30°C for 3 days. Isolates were evaluated as positive
for proteolysis when a clear zone appeared around colonies.
Lipolysis was evaluated by cultivating the isolates on tributyrin
agar (PM0004C, Oxoid) for 3 days at 30°C. A positive result was
defined as a clear zone around the colonies. Nutrient agar
(CMO0003, Oxoid) with 8% (v/v) egg yolk (SR0047, Oxoid) was
used for evaluation of phospholipolysis based on the method of
Price et al. (33). Inoculated plates were incubated at 30°C for 3
days, and a positive result was indicated by a precipitation zone.
For evaluation of hydrogen sulfide production, isolates were
smeared on the surface of slant tubes of Kligler iron agar
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(CMO0033, Oxoid) and stabbed into the butt of the tube with a
microloop. Tubes were incubated at 30°C and evaluated after 24
and 48 h. A positive result was visible as black staining. Glucose
and lactose fermentation were evaluated using bromcresol purple
broth (36408-500G, Sigma-Aldrich, Overijse, Belgium) tubes with
0.7% (w/v) glucose (LP0071, Oxoid) or lactose (LP0070, Oxoid),
respectively, and Durham tubes were added. Tested isolates were
inoculated into the tubes and incubated for 48 h at 30°C. Sugar
fermentation was visible as a change in the color of the medium
from purple to yellow. Fermentation was accompanied by gas
formation in the Durham tube. The ability to degrade starch was
evaluated by inoculating the isolates onto starch agar containing 3
g of Lab-Lemco powder (LP0029, Oxoid), 10 g of potato starch
(Sigma-Aldrich, S4501), and 12 g of bacteriological agar
(LP0011, Oxoid) dissolved in 1 L of distilled water. After 2 days
of incubation at 30°C, bacterial growth was scraped off, and Lugol
solution (L6146, Sigma-Aldrich) was poured over the plates. A
positive result was visible as a clear (orange) zone at the height of
inoculation. The degradation of gelatin was evaluated in a medium
containing 120 g of gelatin (LP0008, Oxoid), 3 g of Lab-Lemco
powder, and 5 g of bacteriological peptone (LP0037, Oxoid)
dissolved in 1 L of distilled water and divided into test tubes at 5
mL per tube. Tubes were inoculated by stabbing the isolate with a
microloop into the butt of the tubes. Inoculated tubes were
incubated for 7 days at 37°C with a blank (noninoculated) tube.
Before interpretation of the result, test tubes were held at 7°C until
the medium in the blank tube was solidified. The medium in the
sample tube remained liquid when the isolate was positive for
gelatinase production.

General results of the spoilage tests were evaluated in Excel
(2016, Microsoft, Redmond, WA). The similarities in spoilage
potential of several groups of isolates (e.g., based on the company
of origin) were calculated in Bionumerics version 7.6 (Applied
Maths, Sint-Martens-Latem, Belgium). Dendrograms were calcu-
lated using the Dice coefficient for binary data, and isolates were
clustered using the unweighted pair group method with arithmetic
means (UPGMA). Minimum spanning trees also were generated
for these groups of isolates.

RESULTS

Identification of microorganisms on surfaces in food
processing companies after C&D. (i) Oven food
company. Among the gram-positive bacteria (n = 34)
collected from PCA plates, the most abundant genus was
Microbacterium (n = 14) (Fig. 1). Most of the identified
gram-positive bacteria were present at medium or high
levels. The most commonly identified genus among the
gram-negative bacteria (n =39) was Pseudomonas (n = 18),
which was present at medium or high levels.

(ii) Two dairy companies. Gram-positive bacteria
recovered on PCA (n = 42 for dairy 1; n = 8 for dairy 2)
were mostly identified as Streptococcus (at low levels),
Microbacterium, Solibacillus, and Dermacoccus in dairy
company 1. For dairy company 2, all isolates were present
at low levels and were identified as Bacillus spp. or
Microbacterium lacticum (Fig. 1). Twelve gram-negative
bacteria were recovered on PCA in dairy company 1, and
Brevundimonas was the most abundant genus. No gram-
negative bacteria were identified in dairy company 2. Seven
isolates were recovered on PAB in dairy company 1 (Fig.
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FIGURE 1. Total aerobic bacterial isolates identified to family (http://www.bacterio.net/, verified 12 April 2018), genera, and species
after recovery on plate count agar from surface samples collected after cleaning and disinfection in seven food companies. Colors
represent the bacterial levels (low, medium, high). An asterisk indicates that the species was found during the first and second sampling
round in the same company.
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FIGURE 1. Continued.
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2): six isolates of Stenotrophomonas rhizophila and one of
Pseudomonas hunanensis, both at low levels.

(iii) Two meat companies. Among the gram-positive
bacteria recovered on PCA, 7 isolates were found in meat
company | and 25 were found in meat company 2 (Fig. 1).
In meat company 2, the most commonly identified gram-
positive bacteria were Microbacterium and Rothia, which

were not found in meat company 1. In meat company 1,
more gram-negative isolates (n = 29) than gram-positive
isolates (n = 7) were recovered on PCA. The dominant
gram-negative bacteria identified were Stenotrophomonas
and Pseudomonas. TACs were low in both of the meat
companies. For meat company 2, isolates recovered on PAB
(n =33) (Fig. 2) were mostly P. hunanensis.
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FIGURE 2. Pseudomonas spp. isolates identified to family (http://www.bacterio.net/, verified 12 April 2018), genera, and species after
recovery on Pseudomonas agar base (PAB) with Pseudomonas CFC selective agar supplement from surface samples collected after
cleaning and disinfection in three food companies. Different colors represent the magnitude of PAB enumerations of samples whereof the
bacteria were isolated. Colors represent the bacterial levels (low, medium, high). An asterisk indicates that the species was found during

the first and second sampling round in the same company.

(iv) Egg processing company. Most of the identified
gram-positive bacteria (n = 42) were present at medium
levels and were identified as Staphylococcus spp. (n = 23)
(Fig. 1). For the gram-negative bacteria (n = 17), which
mostly occurred at high levels, Stenotrophomonas spp. and
Pseudomonas spp. were dominant. On PAB, Delftia and
Acinetobacter also were identified (Fig. 2).

(v) Sauce company. TACs consisted mostly of gram-
negative bacteria (26 isolates versus 7 gram-positive
isolates) (Fig. 1). The dominant gram-positive bacteria
were Streptococcus (n = 5). Most gram-negative bacteria
were identified as Pseudomonas spp. (n = 16) or
Acinetobacter spp. (n =4).

(vi) Similarities and differences among isolates
from various food sectors. For all sampled food companies,
most of the isolates recovered on PCA (n = 327) were
Pseudomonas (20.5%), Microbacterium (12.2%), Stenotro-
phomonas (9.2%), Staphylococcus (7.6%), and Streptococcus
(5.8%). For isolates that were tentatively classified to species
(n = 247), 8.9% were identified as Stenotrophomonas
maltophilia, 4.5% as Staphylococcus warneri, and 4.0% as
Microbacterium flavum, M. lacticum, or Rothia marina. The
other identified species occurred at <4.0%. Approximately
the same number of gram-positive (48.6%) and gram-
negative (51.4%) bacteria were recovered on PCA. Bacteria
isolated from PCA belonged to 50 genera, and 60% of these
isolates were company specific. [solates recovered on PAB (n
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FIGURE 3. Clustering of spoilage results
for isolates from two dairy companies
based on UPGMA. Results of the four
spoilage tests (proteolysis, lipolysis, phos-
pholipolysis, and lactose fermentation) are
shown in order on each branch: 0 indicates
a negative result for that test, and 1
indicates a positive result. Groups were
based on the genera of the tested isolates.
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= 55) were identified as Pseudomonas spp. (63.6%) and
Stenotrophomonas spp. (21.8%). Isolates recovered on PAB
and identified to species (n = 48) were mostly S. rhizophila
(18.8%), P. hunanensis (12.5%), or Pseudomonas songenen-
sis (8.3%).

Spoilage potential of microorganisms on surfaces in
food processing companies after C&D. In total, 278
isolates recovered on PCA (n=229) and PAB (n =49) were
evaluated with three (proteolysis, lipolysis, and phospholi-
polysis) to six spoilage tests to determine the possible
impact on food spoilage if cross-contamination from food
processing surfaces to food products were to occur. Results
of the spoilage tests are presented in Table 2.

(i) Oven food company. In the oven food company,
several spoilage profiles were observed; 18.4% of the
evaluated isolates could hydrolyze proteins and lipids,
16.3% could hydrolyze only lipids, and 16.3% were
negative for all evaluated spoilage tests. All isolates of the
dominant Microbacterium spp. (n = 10) could degrade

lipids. Isolates with the strongest spoilage potential were
identified as Bacillus spp. or Serratia spp.

(ii) Two dairy companies. Isolates collected in the
dairy companies had two main spoilage profiles: 36.5%
were able to hydrolyze only lipids (dominated by
Microbacterium spp. isolates) and 32.7% were able to
hydrolyze lipids and proteins (dominated by Stenotropho-
monas spp. isolates) (Fig. 3). Only one strain (Bacillus
spp.), which was collected from dairy company 2, had
positive results for all spoilage tests. Other organisms with
high spoilage potential were identified as Cellulosimi-
crobium funkei and S. rhizophila.

(iii) Two meat companies. Two main clusters of
isolates with the same spoilage pattern were observed. The
biggest cluster, with 20.4% of the isolates, contained
microorganisms that were able to hydrolyze proteins, lipids,
and phospholipids. The second group of isolates (17.5%)
could hydrolyze only lipids. Both groups contained mainly
Pseudomonas spp. and Stenotrophomonas spp. For meat
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FIGURE 4. Clustering of spoilage results for isolates from an egg
processing company based on UPGMA. Results of the four
spoilage tests (proteolysis, lipolysis, phospholipolysis, and hydro-
gen sulfide formation) are shown in order on each branch: 0
indicates a negative result for that test, and 1 indicates a positive
result. Groups were based on the genera of the tested isolates.

company 1, isolates with the strongest spoilage potential
were Brochothrix thermosphacta, Kocuria rhizophila,
Pseudomonas spp., and S. maltophilia. In meat company
2, isolates with the strongest spoilage potential were
Pseudomonas extremaustralis, Pseudomonas gessardii,
Pseudomonas salomonii, and other Pseudomonas species.

(iv) Egg processing company. Isolates mainly clus-
tered into two spoilage groups (Fig. 4). The largest group
(29.4%) was able to hydrolyze lipids and was dominated by
Staphylococcus spp. The second group (27.5%) was able to
hydrolyze proteins, lipids, and phospholipids and was
dominated by Stenotrophomonas spp. (mostly S. malto-
philia) and Pseudomonas spp., but Chryseobacterium spp.
and Serratia spp. also were part of this group. A negative
result for all spoilage tests was obtained for 17.6% of the
evaluated isolates.
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(v) Sauce company. The spoilage pattern of isolates
was very diverse, but all isolates had a positive result for at
least one of the spoilage tests. Isolates with the strongest
spoilage potential were identified as Citrobacter youngae,
Pseudomonas simiae, and other Pseudomonas species.

(vi) Various food sectors. For all sampled food
companies, spoilage properties that were most prevalent
among the evaluated isolates were lipolysis (74.1% of the
tested isolates), proteolysis (42.5%), and glucose fermenta-
tion (39.7%). Overall, 88.5% of the evaluated isolates had a
positive result for one or more spoilage tests. None of the
evaluated isolates (all from the egg processing company)
were capable of producing hydrogen sulfide. In general,
PAB isolates were more capable of hydrolyzing proteins,
lipids, or phospholipids than were PCA isolates.

Four main clusters of spoilage potential profiles were
noted in the minimum spanning trees considering the results
for proteolysis, lipolysis, and phospholipolysis for all
isolates (Fig. 5): 30.9% of the tested isolates could
hydrolyze only lipids, 20.9% were positive for all three
tests, 19.8% were negative for all three tests, and 15.8%
could hydrolyze proteins and lipids. In the biggest cluster,
more than 50% of the isolates were recovered on PCA and
were identified as Microbacterium spp., Pseudomonas spp.,
and Staphylococcus spp. The cluster with isolates positive
for all three spoilage tests was dominated by Pseudomonas
spp. In general, isolates collected in all the food companies
and identified as Bacillus spp., Serratia spp., P. gessardii,
and P. salomonii had the highest spoilage potential.

Among the five most abundant genera, 43.4% (n="76)
of the Pseudomonas spp. isolates (recovered on PCA and
PAB) were able to hydrolyze proteins, lipids, and
phospholipids, and 80.3% of the Pseudomonas isolates
produced lipases. However, 13.2% of Pseudomonas isolates
had no spoilage potential based on the tests used. Among
the most common Pseudomonas species, P. hunanensis (n =
8) had little spoilage potential, and all P. songenensis
isolates (n = 3) were positive for lipolysis and phospholi-
polysis. Most of the isolates identified as Microbacterium
spp. (66.7%) were able to hydrolyze lipids but not proteins
or phospholipids (rn = 33); all Microbacterium isolates had
some spoilage potential. Two M. lacticum isolates collected
from a dairy company were able to ferment lactose. Three
main clusters of spoilage potential profiles were visible in
the minimum spanning tree containing all evaluated
Stenotrophomonas isolates (n = 35): 42.9% of these isolates
were positive for proteolysis, lipolysis, and phospholipol-
ysis, 25.7% were positive for proteolysis and lipolysis, and
20% were positive for only lipolysis. Of the evaluated
Stenotrophomonas isolates, 94.3% (including all S. malto-
philia isolates) were able to hydrolyze lipids, and all isolates
were positive for at least one of the spoilage tests. All but
one of the evaluated Staphylococcus spp. isolates (n = 13)
had the same spoilage potential, i.e., they were positive only
for lipolysis; the remaining Staphylococcus isolate could
also hydrolyze proteins.
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FIGURE 5. Clustering of spoilage results
for isolates from all seven food companies
based on UPGMA. Results of the three
spoilage tests (proteolysis, lipolysis, and
phospholipolysis) are shown in order on
each branch: 0 indicates a negative result
for that test, and 1 indicates a positive
result. Groups were based on the genera of
the tested isolates.
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DISCUSSION

Microorganisms in the oven food company. Domi-
nant microorganisms recovered from surfaces in the
company that produces ready-to-heat products were mostly
Microbacterium spp. and Pseudomonas spp. For this food
sector, very little information was found on microbiological
characterization of surface contamination. Cordoba et al. (8)
reported surface LAB contamination of up to 2.2 log CFU/
em?® after processing but <2.0 log CFU/cm” on clean
surfaces before processing. Several Enterobacteriaceae and
LAB were also identified on surfaces in the oven food
company in this study. These bacteria can be transferred to
the processed food by cross-contamination, and their
presence on ready-to-heat products at the time of packaging
has been described (8, 28, 40).

Isolates identified as Enterobacteriaceae or LAB in this
study generally had low spoilage potential but were always
able to ferment lactose. This characteristic could conse-
quently lead to acidification and a limitation of the shelf life
of the oven foods, which often contain milk products. At the
time of sampling, food products that were processed on the
production line where Lactococcus lactis subsp. cremoris
was found on surfaces at high levels (>5 log CFU/100 cm?)
also were highly contaminated with LAB 1 day after
production (4.40 to 7.18 log CFU/g) and at the end of the
shelf life (7.08 to 8.04 log CFU/g) (data not shown, personal
communication, 28 November 2017). This finding indicates
that there is a high possibility for surface contamination to
be transferred to food products and to grow to levels high
enough to cause spoilage.

Microorganisms in the two dairy companies. In the
dairy companies, isolates were mostly gram-positive
bacteria such as Streptococcus spp. and Microbacterium
spp. In addition to pseudomonads, bacteria in these two
genera are part of the psychrotrophic flora of refrigerated
raw milk (7, 26, 32). Thermophilic Streptococcus spp. can
survive the pasteurization process and can form biofilms on
dairy equipment (26). Gunduz and Tuncel (/7) found
several gram-positive and gram-negative biofilm-forming
bacteria at various sampling points in dairy processing
plants. Among those bacteria, Bacillus spp. and Staphylo-
coccus spp. were also identified in the dairy companies in
our study. Schlegelova et al. (35) found S. warneri, a
species also found in our study in dairy company 1, in
surfaces samples from a dairy plant after sanitation.

Pseudomonas spp. are the predominant gram-negative
species that limit the shelf life at 4°C of ultrahigh
temperature—treated milk, mainly through the production
of heat-stable enzymes (7, 27, 36). However, only one
Pseudomonas isolated was recovered in the dairy compa-
nies. Of the genera that were most abundant on dairy
equipment, Microbacterium spp. isolates had little spoilage
potential (except for degradation of lipids and sometimes
lactose fermentation). Dairy company 2 reported that the
complaint of one customer led to identification of
Microbacterium spp. in the end product. Bacillus spp. are
considered dangerous in the dairy industry because of their
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ability to form endospores, which are resistant to the heat
treatments applied during milk processing (7). In addition to
toxins, Bacillus spp. can produce spoilage enzymes in food
products, as indicated by the results of the spoilage tests
performed with the Bacillus isolates obtained in the present
study from the dairy companies.

Microorganisms in the two meat companies. In
refrigerated food processing environments such as meat
companies, specific niches that select for cold-tolerant
bacteria are created. Hultman et al. (79) found Pseudomo-
nadales on surfaces in various parts of a sausage processing
plant. Genera that are part of this group and were isolated
from meat contact surfaces in the present study were
identified as Acinetobacter, Psychrobacter, and Pseudomo-
nas. The genus Brochothrix (mostly B. thermosphacta) has
been described as very abundant on raw meat (5, /9) and
was identified in the present study on surfaces that come
into contact with unprocessed meat. De Filippis et al. (10)
found that Pseudomonas spp., Psychrobacter spp., and B.
thermosphacta were the dominant microbiota on environ-
mental swabs. These genera were dominant on spoiled
beefsteaks (70) and were previously described as known
spoilage organisms on other meat products under various
storage conditions (73); their spoilage potential also was
identified in the present study. These findings support the
hypothesis that bacteria are transferred from surfaces to
food products during processing and consequently can lead
to spoilage. Stenotrophomonas spp. (mostly S. maltophilia)
were often found on surfaces in the two meat companies,
which were not described previously in the meat industry.
Isolates identified as Stenotrophomonas were variable in
their spoilage potential. Most bacterial species found in the
two meat companies differed, yet some species (K.
rhizophila, S. maltophilia, and P. hunanensis) were found
in both companies, indicating their possible role as core
species on surfaces after C&D and in biofilm formation in
the meat industry.

Microorganisms in the egg processing company.
Microorganisms recovered from surfaces after C&D in the
egg processing company were mostly gram-positive
Staphylococcus spp. According to De Reu et al. (12), this
is the dominant genus on eggshells. Cross-contamination
could be the main reason for finding Staphylococcus at
medium to high levels on several surfaces in the egg
processing company, despite C&D. Evaluated Staphylococ-
cus isolates had the ability to hydrolyze lipids. Genera that
are also found frequently on eggshells and have been
identified in rotten eggs are Alcaligenes, Escherichia, and
Pseudomonas (12, 29, 31). Pseudomonas was identified in
the present study on surfaces that come into contact with
raw egg contents, and all but one of these isolates had strong
spoilage potential that manifested as degradation of lipids,
proteins, and phospholipids. However, the pasteurization
process should eliminate these eggshell genera and will
mostly select for gram-positive heat-tolerant bacteria such
as streptococci, enterococci, and Bacillus or other spore-
forming genera (4). Bacteria that survive the pasteurization
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process and any contamination that occurs postpasteuriza-
tion will contribute the most to spoilage.

None of the isolates originating from the egg
processing company that were evaluated for their spoilage
potential could form hydrogen sulfide, which would result
in a typical rotten egg smell.

This company reported that a customer complained
about green discoloration of a pasteurized whole egg
product. Paenibacillus spp. and Sporosarcina spp. were
found in the product. Paenibacillus validus was identified in
the present study on surfaces inside raw egg product storage
tanks and on a filling head for packaging of pasteurized egg
products (recovered on PCA after heat treatment of the
sample for 10 min at 80°C; data not shown). Paenibacillus
spp. and Sporosarcina spp. are known spore-forming
genera, which could explain their survival of the pasteur-
ization process and their ability to cause spoilage in food
products (3, 16).

Microorganisms in the sauce company. Contamina-
tion in emulsified sauces (e.g., mayonnaise, which was
produced by the participating sauce company) is usually
low (37). Because of the low pH (maximum of 4.5) and
the addition of preservatives typical for such food
products, pathogens generally do not grow and spoilage
organisms usually consist of yeasts, molds, and LAB
(mostly lactobacilli) (47). In the present study, isolates
collected from food contact surfaces in a sauce company
were identified for the first time. The isolates were
mostly gram-negative bacteria from the genus Pseudo-
monas, but some LAB, e.g., Streptococcus spp., also
were identified.

In conclusion, generally, gram-negative bacteria, spe-
cifically Pseudomonas spp., Enterobacteriaceae, and Aci-
netobacter spp., are the dominant species on food
processing surfaces (26, 30). In dairy and dry production
environments, gram-positive bacteria are usually the
dominant species (30). In the present study, 56.8% of all
the identified isolates collected from the seven food
companies were gram-negative bacteria, and 63.8% of the
isolates collected in the dairy companies were gram-positive
bacteria. Pseudomonas was the most commonly identified
genus (20.5%) from all the food companies. Pseudomonas
spp. also play an important role in spoilage of food stored at
low temperatures (30). In the present study, 86.8% of the
evaluated Pseudomonas isolates had some kind of spoilage
potential based on the results of laboratory tests. In addition
to Pseudomonas, the genera most often found were
Microbacterium (12.2%) and Stenotrophomonas (9.2%).
These bacteria have not been previously described as
predominantly present on surfaces in food processing
environments but were collected from several of the
sampled food companies. Their presence at medium to
high levels after C&D on surfaces in various food
companies and their spoilage potential suggests that
Microbacterium, Stenotrophomonas, and Pseudomonas
may play important roles in residual bacterial contamination
of the food processing environment and in food spoilage.
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However, most of the other genera identified among the
dominant microbiota (60%) were company specific.

Of the isolates evaluated in this study, 88.5% seemed to
have some spoilage potential. However, further investiga-
tion is needed to determine whether these bacteria (i) can be
transferred from the surface to the food product, (ii) can
survive and grow in food products (5), and (iii) can
consequently cause spoilage. Isolates also can differ in
expression of these spoilage characteristics (11).

The microbial safety of food products depends on the
quality of the raw ingredients and on hygienic practices in
food processing facilities. Surface contamination with
microorganisms plays an important role in cross-contami-
nation of end products and could eventually cause
foodborne illness or early food spoilage. Unfortunately,
many food companies have little to no information about the
types of microbial contaminants or spoilage organisms in
their facilities. In the present study, surface contamination
was mapped for several food companies from different food
sectors, and the possible role of this contamination in food
spoilage was investigated. This information will be useful to
food companies for better understanding their contamina-
tion and spoilage problems. Microorganisms present in
biofilms on surfaces are difficult to eliminate, leading to
persistent contamination, and the presence of biofilms can
enhance the attachment of pathogenic bacteria (79). These
factors highlight the importance of an optimized and
effective C&D procedure that can reduce or eliminate the
bacteria found in this study. Further research by our group
will focus on the biofilm forming capacity of the residual
bacteria after C&D and the development of optimal C&D
protocols to provide more insight into the role of biofilms in
food contamination and food spoilage.
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