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Simple Summary: In this study, we analyzed hygienic indicator bacteria and pathogenic microor-
ganisms (Salmonella spp., Escherichia coli O157:H7, Listeria monocytogenes, Bacillus cereus, Staphylococcus
aureus, Clostridium perfringens, Campylobacter jejuni/coli) in Korean dairy farms. As a result, B. cereus
and S. aureus were detected in dairy farm environment. Total aerobic bacteria, psychrotrophic bac-
teria, coliform, and yeasts/molds differed slightly between dairy farms, but a few spots, such as
floors, drain holes, and niches, showed high microbial counts in most of dairy farms. Subsequently,
we performed RNA-seq analysis on Staphylococcus aureus JDFM SA01 isolated from a milk filter to
determine the biofilm formation ability and characteristics. In biofilm, the significant up-regulation of
genes encoding surface proteins and genes, which advance the adhesion, might clarify the increased
biofilm viability and biomass. Therefore, in this study, spots with high possibility of microbial
contamination could be identified in dairy farms and the basis for producing safe milk and dairy
products by effective hygiene management against microbial contamination was established.

Abstract: Raw milk acts as a mediator of major foodborne pathogenic bacterial infections. How-
ever, the sources of pathogens that contaminate milk are often unclear. This study assessed the
prevalence of sanitary quality-indicating bacteria (total aerobic bacteria, psychrotrophic bacteria,
coliform, and yeast/molds), including seven foodborne pathogens, in a dairy farm environment and
processing plant in Korea. The microbiological analysis showed that a few sites, such as vat bottoms,
room floors, drain holes, and niches, showed high microbial loads in most dairy farms. Based on
quantitative microbial tests, Bacillus cereus was detected in three farms and Staphylococcus aureus was
detected in only one farm. Among them, S. aureus JDFM SAO01 isolated from a milk filter showed
strong biofilm formation and toxicity to the host Caenorhabditis elegans. Subsequently, RNA-seq was
performed to characterize the biofilm formation ability of S. aureus JDFM SAO01. In biofilms, the sig-
nificant upregulation of genes encoding microbial surface components and recognizing adhesive
matrix molecules promotes adhesion might explain the increased viability and biomass of biofilms.
This study provided insight into the prevalence of pathogenic bacteria and microbial contamination
levels across dairy farms.

Keywords: dairy farm environment; foodborne pathogens; Staphylococcus aureus; RNA-seq; biofilm;
microbial contamination

1. Introduction

Milk contains major nutrients that are essential for human health and is thus called
a single balanced food because it contains high-quality protein, fat, lactose, vitamins,
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and minerals [1]. The consumption of milk and dairy products has long been associated
with good health, but it can also pose a potential health hazard if mishandled or if the
conditions of manufacture are not sufficiently hygienic and safe [2].

Milk provides a suitable environment for many microorganisms due to its high water
content and essential nutrient availability. Bacteria, yeasts, and molds are common contami-
nants in milk [3], and some microbes promote the spoilage of milk [4] and degrade milk and
dairy products. As such, the presence and growth of microorganisms in milk significantly
impact the quality of milk [5] and can harm the dairy industry and public health. The main
pathways for raw milk contamination are direct contact with contaminated sources in the
dairy environment (e.g., soil, feces, feed, water, air, milking equipment, and sick animals)
and secretions from the udders of infected animals [6].

Dairy farms have a very complex microbial ecology and a variety of complicated
environments. Therefore, various pathogenic microorganisms exist in the dairy environ-
ment [7]. In most cases, pathogens are inactivated during the pasteurization process.
However, pasteurization of raw milk does not eliminate contamination of the milk or
dairy products by pathogens in the postprocessed products in dairy processing plants [6].
Such contamination may cause food poisoning in consumers.

S. aureus can produce a wide variety of enterotoxins, and staphylococcal food poison-
ing has caused many infections worldwide, with symptoms of diarrhea, nausea, and ab-
dominal cramps [8,9]. Staphylococcal food poisoning is related to the contamination of S.
aureus after pasteurization or to a large amount of toxin produced by the organism before
pasteurization. S. aureus can persist by forming biofilms in various environments, such as
the host and food processing surfaces, avoiding host defenses and antimicrobial agents [10].
This situation can create ideal conditions for S. aureus proliferation and lead to colonization
and biofilm formation on surfaces [11,12].

In this study, we collected samples from 11 dairy farms located in Korea, focusing on
the dairy environment and processing plants. The collected samples were used to inves-
tigate the prevalence of microorganisms in the dairy environment and processing plants
that primarily influence the quality and stability of milk and dairy products. In addition,
we identified the toxicity and biofilm formation ability of S. aureus JDFM SA0Q1 isolated from
a milk filter and previously subjected to whole-genome sequence analysis [13]. Further
analysis of the transcriptomes of S. aureus JDFM SAQ1 biofilms and planktonic cultures
verified the expression of virulence genes associated with biofilm formation.

2. Materials and Methods
2.1. Collection of Dairy Farm Samples

A total of 11 farms located throughout South Korea were included in this survey.
These comprised seven dairy farms (farms A, B, C, D, E, F, and G) of Jeolla Province,
one dairy farm (H) of Gyeonggi Province, one dairy farm (I) of Chungcheong Province,
and two dairy farms (J and K) of Gangwon Province. None of the farms in this study have
not experienced any hygiene problems.

A total of 444 samples were collected, consisting of 171 samples from a dairy farm
environment and 273 samples from a processing plant (Table 1). The samples were from
6 sites within the dairy farm environment and 10 sites within the processing plant. The raw
milk, cheese, and drinking water were collected in a sterilized pack at 25 g/mL, and milk
filters were aseptically cut into 30-50 cm? pieces [14]. The other samples were rubbed with
a Swab kit (3M Quick Swab, USA) in a 10 cm x 10 cm area. Samples were stored at 4 °C
until analysis, and they were analyzed within 24 h of collection.
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Table 1. Dairy farm environment and processing plant sample list.

Samples Number of Samples

Milk filter, Boots, Milking floor, Milking machine, Soil and feces,

Dairy farm environment Drinki 171
rinking water
Vat inside, Vat bottom, Cheese knife, Cheese mold, Processing
Processing plant room floor, Drain hole, Niche, Ripening room floor, Ripening 273
table, Ripening table bottom, Cheese, Raw milk
Total 444

2.2. Microbial Analysis of the Dairy Farm Environment and Processing Plants
2.2.1. Measurement of Hygiene-Indicating Microorganisms

The raw milk, cheese, and drinking water collected for quantitative analysis were
added at 25 g/mL to 225 mL of 0.1% peptone water (PW, Oxoid, Hampshire, UK) in a
stomacher bag, homogenized for 2 min with a stomacher (Bagmixer 400VW, Interscience®,
Paris, France), diluted 10-fold, and used for analysis. The milk filter pieces were weighed
in a filtered stomacher bag, diluted 1:9 (wt/wt) with 0.1% peptone water, and pummeled
in a stomacher for 2 min. In addition, samples collected with the swab kit were diluted
10-fold without any pretreatment to analyze microorganisms.

One milliliter of the pretreated sample was diluted in 9 mL of sterilized 0.1% peptone
water in 10-fold steps, and 1 mL sample was taken at each dilution concentration and dis-
pensed into 3M dry film medium to analyze total aerobic bacteria, psychrotrophic bacteria,
coliform, yeasts, and molds. According to the manufacturer’s instructions, subsequent
triplicate spread plating was performed on Petrifilm™ aerobic plate count (APC) plates,
Petrifilm™ coliform count plates, and Petrifilm™ yeast and mold count plates. APCs and
coliform plates were incubated aerobically at 37 °C for 24 h, and psychrotrophic bacteria
were incubated on APC plates aerobically at 25 °C for 48 h. Yeast and mold plates were
incubated aerobically at 25 °C for 72 h in an aerobic incubation chamber. Counts were
recorded as colony forming units per gram (CFU/g).

2.2.2. Detection and Identification of Foodborne Pathogens

Each sample was investigated for contamination with major foodborne pathogens,
E. coli O157:H7, L. monocytogenes, Salmonella spp., S. aureus, Campylobacter jejuni/coli, C.
perfringens, and B. cereus. Pathogenic bacteria were inoculated into different pathogenic bac-
teria selection media after the enrichment process, and qualitative analysis was performed
through separation culture and identification experiments. Each foodborne pathogen was
analyzed according to the Food Code of the Ministry of Food and Drug Safety of Korea [15].

2.3. Caenorhabditis Elegans Life Span Assay

To estimate how S. aureus JDFM SAO1 affects the host life span, the C. elegans life
span was determined using a slight modified method [16]. Briefly, 100-uL aliquots of
concentrated bacteria (S. aureus JDFM SA01, S. aureus Newman as a control) were exposed
to NGM plates and live worms were counted daily. To achieve exact counts, C. elegans were
transferred to new plates containing bacteria every 3 days. All worms were incubated at
25 °C, and they were regarded dead when they did not react to a light touch.

2.4. Biofilm Formation and Sample Collection

S. aureus JDFM SA01 and RN 4220 (5 x 107 CFU/mL) were inoculated into 0.5x and
0.1x LB broth on 96-well polystyrene plates at 37 °C for 5 days. To quantify biofilm for-
mation, planktonic bacteria were removed by gentle washing three times with phosphate-
buffered saline (PBS) and biofilms were stained with 200 puL 0.1% crystal violet for 20 min at
room temperature. Biofilms were dissolved in 200 pL 95% ethanol solution, and absorbance
was measured at 550 nm in a spectrophotometer (SpectraMax ABS Plus, Molecular Devices,
San Jose, CA, USA) [17].
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Extraction of RNA from the S. aureus JDFM SAO01 biofilm culture was performed
following the previously established method [18]. Glass wool (0.5 g) was added to 100 mL
of LB broth, supplemented with 0.1% (w/v) glucose, and the preculture was inoculated with
1 mL (1:100 dilution). After incubation for 24 h at 37 °C and shaking at 200 rpm, the glass
wool was rinsed three times in 0.85% NaCl. The cells were shaken vigorously for 30 s to
detach the bacterial biofilms from the glass wool surface in sterile saline (0.85% solution
of sodium chloride). After that, the cells were disrupted by sonication (10 s on/10 s off,
60 cycles). Bacteria were harvested by centrifugation at 5000x g for 10 min at 4 °C.

2.5. RNA Sequencing
2.5.1. RNA Extraction, Library Construction, and Sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
an RNeasy Mini kit (QIAGEN, Valencia, CA, USA) based on the manufacturer’s instruc-
tions. The concentration (260/280 ratio and 260/230 ratio) and quality of total RNA were
determined using a spectrophotometer (SpectraMax ABS Plus, Molecular Devices, San Jose,
CA, USA). For RNA-seq, a TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA,
USA) was used according to the manual, and the cDNA library was generated according
to the basic protocol provided by Illumina. Libraries were then sequenced on an Illumina
HiSeq 2000 platform with paired-end read sequencing (2 x 150 bp).

2.5.2. RNA Sequencing Data Analysis

The adapter sequence was removed from raw reads using Trimmomatic 0.38 [19] bases,
with base quality less than 3 from the ends of the reads, and bases not satisfying the window
size = 4 and mean quality = 15 were removed with the sliding window trim technique. After
that, trimmed data were generated, with reads shorter than 36 bp removed, and further anal-
ysis was performed based on high-quality reads. The index of the reference genome was
constructed using the Hisat2 v2.1.0 program (https://daehwankimlab.github.io/hisat2/
accessed on 4 November 2020) [20], and paired-end clean reads of the S. aureus subsp
were read and compared. Next, uniquely mapped reads were quantified with Sub-
read/featureCounts version v1.5.1 (http:/ /subread.sourceforge.net/ accessed on 4 Novem-
ber 2020) [21], using ENSEMBL version 82 transcriptome definitions. The generated data
were subjected to differential expression analysis between various types of samples using
the R package edgeR [22]. The threshold value |log2-fold change > 11 and p-value < 0.05
were used to define genes as significantly differentially expressed.

To identify the function of differentially expressed genes, Gene Ontology (GO) anno-
tations were analyzed using the DAVID online tool [23] and clusterProfiler [24]. Analysis
was performed on selected DEGs and analyzed with a focus on gene functional annotations
of cellular components (CC), biological processes (BP), and molecular functions (MF).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway [25] annotations and
enrichment analysis were conducted using the Search Tool for the Retrieval of Interacting
Genes/Proteins v11.0 (https:/ /string-db.org accessed on 25 November 2020) (STRING)
with FDR-adjusted p-value < 0.05 [26].

3. Results
3.1. Microbial Quality of Farm Environment and Processing Plant
3.1.1. Total Aerobic Bacteria

Total aerobic bacteria counts revealed a high level of contamination in the farm
environment as expected, and the highest number of bacteria was found in soil and feces,
with 6.6~9.5 log CFU/g. The contamination level of drinking water was 3.2~5.8 log
CFU/mL, and that of worker shoes was 3.4~8.8 log CFU/100 cm?. In a milking station,
the bottom of the milking station was the most contaminated site at the level of 2.1~9.0 log
CFU/100 cm?, and that of the milk filter was confirmed to be 3.3~9.2 log CFU/100 cm?.
The udder junction of the milking machine was found to have a level of 1.3~4.5 log
CFU/100 cm?, except in areas that microorganisms did not contact (Table 2).
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Table 2. Mean (£SD) total aerobic bacteria counts in the environment of each dairy farm (A to K).

Sample No. of Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
Samples A B c D E F G H I ] K
S‘;gg‘s‘d 27 87405 83+£02 -1 74+05 - 90+£01 85401 95401 66400 79+£02 7.8+02
D;i,‘;i;‘g 21 41403 38400 - 32400 - 58401 42401 41400 42401 - -
Mfi]f;rr‘g 27 42401 38+02 - 43402 - 26+£09 21405 49+01 43402 63+£07 9.0+01
rl\rfilﬁ;ge 21 13+0.1 ND 2 - ND - 45403 ND - - 45408 47409
b 18 61403 ND - 34400 ; 33404 ND - ; 60+£01 92405
Boots 33 47406 54+01 37+08 41+04 43+01 39+03 40+02 53+04 34+00 88+£00 7501
1 _: Not tested. 2 ND: Not detected.

In the processing plant, the total aerobic bacteria count was confirmed to be lower
than that in the farm environment (Table 3). The inside of the cheese vat, cheese knives,
and cheese molds that are in direct contact with the cheese were managed hygienically
on most farms, but three farms detected bacteria at a level of 0.5~4.2 log CFU/100 cm?
inside the cheese vat. In addition, at the bottom of the cheese vat, which was not in direct
contact with cheese, the level was 2.1~8.3 log CFU/100 cm?. In the processing room floor,
the drain hole, and the niche, the contamination was found to be 0.7~6.4 log CFU /100 cm?,
2.0~7.5 log CFU/100 cm?, and 1.9~5.8 log CFU/100 cm?, respectively. In the ripening
room, the space for ripening cheese, the floor of the ripening room, table, and under the
ripening table, bacterial counts were 0.5~5.5 log CFU /100 cm?, 0.7~4.6 log CFU /100 cm?,
and 0.7~6.9 log CFU /100 cm?, respectively. The count was lower in the ripening room than
in the processing room producing cheese. In raw milk and cheese, the bacterial counts
were 4.1~6.2 log CFU/mL and 1.8~8.0 log CFU/g, respectively.

Table 3. Mean (+SD) total aerobic bacteria counts in the processing plants of each dairy farm (A to K).
Sample No. Number of Microorganisms on each Spot (Mean log CFU/mL or log CFU/100 cm?)
of Samples B C D E F G H I J K
Vat inside 30 ND 2 42401 ND N ND 07+£09 0501 ND ND ND ND
Vat bottom 30 53+£04 39402 55401 - 21401 48405 57401 47402 28+01 83+05 69+03
Cheese knife 18 ND ND - - ND ND ND - - ND -
Cheese mold 21 ND ND - - ND ND ND - - ND ND
fgg;ﬁg;% 30 64409 30401 28+06 - 18405 49+01 25+05 ND 07400 52403 32402
Drain hole 30 48+£02 53400 43+01 - 21409 45402 20£05 14401 53402 75+09 60+19
Niche 27 3.8+02 - 52+13 - 22401 43+07 46+02 19+£00 25+03 54+01 58+13
rﬁ;ﬁsr}iggr 21 55409 ND - - - 17401 05407 ND 20402 43404 -
Rigeb’}ieng 24 ND 14£08 - - 14£01 07£01 46+03 15+03 20+10 -
ta%ifi‘;it‘t‘fm 24 69412 ND 54420 - - 25403 17401 43401 07401 57+18 -
Cheese 18 62406 54+0.1 - - 18406 21402 41401 - - 8.0+0.1 -
Raw milk 24 62+05 41+00 - - - - 41401 51401 53403 59401 53+07

1. Not tested. 2 ND: Not detected.

3.1.2. Psychrotrophic Bacteria

The psychrotrophic bacteria were present at similar levels as total aerobic bacteria
(Table 4). They showed the highest contamination levels in soil and feces; 5.1~9.2 log
CFU/g in the farm environment and, in drinking water, 2.7~7.4 log CFU/mL, except
on one farm. The worker shoes had 1.6~6.0 log CFU/100 cm? bacterial count, and the
udder junction of the milking machine had 2.1~4.1 log CFU/100 cm?, except in four farms
where bacteria were not detected. In the milk filter, the number of bacteria was 3.6~7.1 log
CFU/100 cm? except in two farms.
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Table 4. Mean (£SD) psychrotrophic bacteria counts in the environment of each dairy farm (A to K).
No. Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
Sample
of Samples A B C D E F G H I ] K

Soil

and 27 92407 82401 -1 65+0.1 - 90+05 89400 79+00 63+01 60+02 51+02
feces
]Dwr;‘t‘g“g 21 52409 ND?2 - 2.7 4+0.1 - 74+01 45400 38+00 44+01 - -
Nf[f(l)l(‘)ir“g 27 51+£01 54400 - 42401 - 35+03 28401 28£02 07+£00 50+07 70%01
Milking

ma- 21 ND ND - ND - 3301 ND - - 41+£08 21409
chine

E/][:g; 18 51+03 ND - - - 36£07 ND - - 41+£01 71+13
Boots 33 52405 60+00 16+14 39+03 36+01 39402 44+00 51400 27405 60400 51401

1. Not tested. 2 ND: Not detected.

In the processing plant, psychrotrophic bacteria were not detected inside most cheese
vat, cheese knife, or cheese mold sites but were detected in one farm inside the vat
at 2.2+0.1 log CFU/100 cm? and in the molding frame in one farm at 4.1 £ 0.6 log
CFU/100 cm?. The bottom of the cheese vat had bacteria at 1.5~7.2 log CFU/100 cm?,
and the vat bottom, drain hole, and niche of the processing plant had contamination at
0.7~5.2 log CFU/100 cm?, 1.6~5.8 log CFU/100 cm?, and 2.2~5.8 log CFU/100 cm?, re-
spectively (Table 5). The psychrotrophic bacteria count of each location showed a similar
tendency to that of most total aerobic bacteria.

Table 5. Mean (+5D) psychrotrophic bacteria counts in the processing plants of each dairy farm (A to K).
Sample No. of Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
P Samples A B C D E F G H 1 ] K
in\;?ctle 30 ND 2 22401 ND -1 ND ND ND ND ND ND ND
bo\t’f‘;m 30 61+02 15400 54402 - 17400 50410 56+£00 36+00 24+02 72405 41+03
Cheese 18 ND ND - - ND ND ND - - ND -
knife
Cheese 21 41+06 ND - - ND ND ND - - ND -
mold
Processing
room 30 42402 ND 39407 - 22401 52401 23400 ND 074+01 40+03 32402
floor
‘igi‘;‘ 30 38+05 38+01 38406 - 31+01 58+15 16405 ND 56+04 50409 51429
Niche 27 28402 - 42413 - 44401 39402 58+03 22+01 22403 40+01 51+13
Ripening
room 21 52402 ND - - - 12402 05401 ND 15402 43404 -
floor
R‘{;eﬁ;“g 24 ND ND ND - - ND 21404 11405 14+01 1501 -
Ripening
table 24 53+ 0.4 ND 40+04 - - 15421  07£00 ND ND 51+18 -
bottom
Cheese 18 51404 ND - - 30406 32402 40+01 - - 60407 -
rliaﬂwk 24 42405 41400 - 2.7 +£0.1 - - 47401 41+01 49404 50£01 41+07

1. Not tested; 2 ND: Not detected.

3.1.3. Yeasts and Molds

The yeasts and molds showed the highest contamination level in soil and feces at a
level of 2.3~6.5 log CFU/g among dairy farm environments. Next, the contamination was
high, on the order of 1.5~5.1 log CFU/100 cm? on the worker shoes in contact with the soil
and feces and 2.3~4.8 log CFU /100 cm? on the milking floor (Table 6).
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Table 6. Mean (+SD) yeast/mold counts in the environment of each dairy farm (A to K).

S ’ No. of Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
ample
Samples A B C D E F G H I J K
S‘;gg‘s‘d 27 42401 51401 -1 23400 - 65400 45+02 53+00 31+01 67+00 43+01
Drinking 21 ND 2 ND - ND - 38+01 31400 ND 22402 - -
water
Mﬁgfr‘g 27 ND 39400 - ND - 28405 ND 29+£02 48+01 23+03 36402
Milking 21 ND ND - ND - 40+£00 28+01 - - 12402 ND
machine
E/ﬂg 18 58405 ND - . ; ND ND ; - 32400 84+02
Boots 33 48401 51401 43+07 ND 27401 29400 27401 35+04 39403 39+01 15+01
1 _; Not tested. 2 ND: Not detected.

Yeasts and molds were also detected in various sites in the processing plant. In par-
ticular, in the vat insides, cheese knife, and cheese mold, the number of yeasts and molds
were 0.5-3.4 log CFU/100 cm?, 0.5-3.4 log CFU /100 cm?, and 0.5-3.4 log CFU /100 cm?,
respectively (Table 7). The degree of contamination was highest in the vat bottom, niche,
and drain hole.

Table 7. Mean (£SD) yeast/mold counts in the processing plants of each dairy farm (A to K).
S ’ No. of Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
ample
Samples A B c D E F G H I ] K
in\g?;e 30 ND 2 34400 ND -1 ND 05407 ND ND ND 24401 ND
bo\t/f;m 30 61409 ND 20408 - 21409 31406 24+02 37+01 40401 52404 52407
Cheese 18 ND 34402 - - ND 05+0.7 ND - - ND -
knife
Cﬁfﬁe 21 ND 3400 ND - ND 05+07 ND ND ND 24401 ND
Processing
room 30 44409 ND 46+15 - 12408 ND 26404 ND ND 30401 12402
floor
?Lal‘e“ 30 68402 ND 34406 - ND 40407 16+02 18+01 38+02 44+07 32412
Niche 27 38402 - 42+11 - 18405 10401 14+01 21402 47+04 48+00 28403
Ripening
room 21 34402 ND - - - 12401 30+04 ND ND 43400 -
floor
R‘g‘;‘}‘e“g 24 35+03 ND 35+05 - . 05+£01 41£02 35+02 ND 40+06 -
Ripening
table 24 45402 ND 44416 - - ND 35406 55402 ND 39411 -
bottom
Cheese 18 62401 ND - - ND 26408 36404 - - 45401 -
Eﬁﬁi 24 21401 ND - 34400 - - ND 30403 21402 38+01 15+05

1 _: Not tested. 2 ND: Not detected.

3.1.4. Coliform Count

Coliforms (Escherichia, Klebsiella, Enterobacter, and Citrobacter belong to the coliform
group), which are pollution-indicative bacteria, showed the highest contamination level of
3.8~6.2 log CFU/g, excluding five farms where these bacteria were not detected in soil and
feces (Table 8). Coliform counts in the drinking water and the worker shoes were 1.5~2.8 log
CFU/mL and 1.6~4.5 log CFU/100 cm?, respectively. These bacteria were not detected in
the udder junction of the milking machine in most farms, but they were detected at a level
of 1.5 4 0.5 log CFU/100 cm? in one farm, showing a low level of contamination.
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Table 8. Mean (+SD) coliform counts in the environment of each dairy farm (A to K).
S ’ No. of Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
ample
Samples A B c D E F G H I ] K
S‘;gczrs‘d 27 55402 ND 2 -1 ND - 53402 62400 38%00 ND ND ND
D;i,‘;i;‘g 21 15+02 20402 - ND - 28 +0.1 ND 22+02 ND - -
Mfi]f;rr‘g 27 13406 17403 - 13404 ; ND ND 26401 ND 34404 ND
Milking 21 ND ND - ND - ND ND - - ND 15405
machine
E/ﬂg 18 ND ND - - - ND ND - ; 14 ND
Boots 33 24403 27401 ND ND 1.6+08 ND 28402 45403 ND ND 21401
(1) -: Not tested. (2) ND: Not detected.

In the processing plant, coliforms were rarely detected in the cheese vat, cheese knives,
and cheese molds but existed at the level of 3.4 & 0.0 log CFU/100 cm? inside cheese vats
in of one farm and detected at 3.2 + 0.2 log CFU/100 cm? in the cheese molds in another
farm (Table 9). In addition, it was detected in the various sites within the processing plant,
such as the processing plant floor, drain hole, niche, ripening room floor, and ripening
table bottom. In raw milk and cheese, the contamination was 0.8~3.8 log CFU/mL and
1.0~3.2 log CFU/g, respectively.

Table 9. Mean (£SD) coliform counts in the processing plants of each dairy farm (A to K).
S ’ No. Number of Microorganisms on Each Spot (Mean log CFU/mL or log CFU/100 cm?)
ample
of Samples A B C D E F G H I ] K
Vat inside 30 ND?2 34400 ND -1 ND ND ND ND ND ND ND
Vat bottom 30 ND ND ND - 31409 ND ND 28405 ND 22405 20+£01
Cheese 18 ND ND - - ND ND ND - - ND -
knife
Cheese 21 32+02 ND - - ND ND ND - - ND -
mold
Processing 30 53409 ND ND - 27401 ND 1.6 +04 ND ND 21400 ND
room floor
Drain hole 30 ND ND ND - 28401 29413 18402 ND 18404 ND ND
Niche 27 ND - ND - 17405 ND ND ND ND ND 17+£07
Ripening 21 41£10 ND - - - ND ND ND ND ND -
room floor
ngeﬁ;“g 24 ND ND ND - - ND ND ND ND ND -
Ripening
table 24 61+12 ND 42404 - - ND ND ND ND ND -
bottom
Cheese 18 23401 32401 - - 18409 22+01 1.0+00 - - ND -
Raw milk 24 23401 08+11 - ND - - ND 26402 38+01 38=+01 ND

1. Not tested. 2 ND: Not detected.

3.2. Detection of Foodborne Pathogens in Farm Environments and Processing Plants

The qualitative test results of the samples (171) collected from 11 farm environments
showed the positive detection of the B. cereus group and S. aureus in 8.2% and 1.8% of
samples, respectively. The highest portion of the detected pathogens was the B. cereus
group in soil and feces, present in 18.5% of the samples tested, followed by boots (18.2%)
and milking floors (11.1%). Interestingly, when the milk filter was tested in addition to
the raw milk sample, the detection probability increased, suggesting that a portion of milk
contamination could occur during the process of filtering out substances, such as dust,
manure, straw, or insects. Previous studies have also detected various pathogenic bacteria
in the milk filter [14,27,28]. During pathogen detection, in the raw milk sample and the
milk filter, three cases of S. aureus were positive only in the milk filter. The others (E. coli
0157, L. monocytogenes, C. perfringens, Salmonella spp., and Campylobacter spp.) were not
detected in the farm environment (Tables 10 and 11).
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Table 10. Prevalence of B. cereus and S. aureus on each sample type.

Isolations of Pathogen from Each Site

Sample No. of Samples
Bacillus cereus Staphylococcus aureus
Vat inside 30 - -
Vat bottom 30 - -
Cheese knife 18 - -
Cheese mold 21 - -
Processing room floor 30 - -
Processing plant Drain hole 30 ) )
Niche 27 - -
Ripening room floor 21 - -
Ripening table 24 - -
Ripening table bottom 24 - -
Cheese 18 - -
Raw milk 24 - -
Milk filter 18 - 3
Boots 33 6 -
Dairy farm environment Milking floor 27 3 )
Milking machine 21 - -
Soil and feces 27 5 -
Drinking water 21 - -

Note: Five pathogens (E. coli O157, L. monocytogenes, C. perfringens, Salmonella spp., and Campylobacter spp.) were not detected in samples

(data not shown).

Table 11. Prevalence of B. cereus and S. aureus on each dairy farm (A to K).

Isolations of each Pathogen on Each Farm Total Number of Pathogens
Farm Bacillus cereus (n = 14) Staphylococcus aureus (n = 3) per Farm
A 2 3 8
B 2 0 2
C 0 0 0
D 5 0 5
E 3 0 3
F 0 0 0
G 0 0 0
H 0 0 0
I 0 0 0
J 2 0 2
K 0 0 0

Note: Other pathogens (E. coli 0157, L. monocytogenes, C. perfringens, Salmonella spp., and Campylobacter spp.) were not detected in dairy

farms (data not shown).

3.3. Toxicity and Biofilm Formation of S. aureus JDFM SA01

During the process of assessing microbial quality and prevalence of pathogens, we iso-
lated a S. aureus strain (JDFM SA01) from the milk filter in a farm and performed whole-
genome sequence analysis of the strain [13]. In order to further investigate its molecular
characteristics, we analyzed its pathogenicity-related characteristics by toxicity tests and
biofilm formation analysis. Consequently, we first studied the lifespan of C. elegans to
confirm the toxicity of S. aureus JDFM SA01. As a control, we used S. aureus Newman,
which is generally recognized as a robust virulence phenotype. We found that the life span
of C. elegans exposed to S. aureus JDFM SA01 was not significantly different from that of
C. elegans exposed to S. aureus Newman (Figure 1).

The milk filter is in direct contact with the milking machine. Therefore, S. aureus JDFM
SAO01 isolated from milk filters may be a contaminant in various facility sites, including
milking machines, milking pipes, and bulk tanks, and can continuously contaminate raw
milk by biofilm formation. Therefore, to confirm the biofilm-forming ability of S. aureus
JDFM SAO01, it was compared with the well-characterized biofilm-forming reference strain
S. aureus RN4220. The S. aureus JDFM SAO01 strain showed higher biofilm formation ability
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Absorbance

on average than S. aureus RN4220 in 0.5 X and 0.1 X LB broth (Figure 2A,B). Our results
showed the high toxicity and biofilm formation ability of S. aureus JDFM SAQ1. These results
indicate the possibility of contamination of milking equipment with S. aureus and suggest
continuous contamination of raw milk through biofilm formation when contaminated.

1.0 ; = —— OP50
= Newman

o 08 (P =0.000)
2 - —— 0OP50
(411 0.6 - JDFM SA01
c = (P=0.0121)
iel
"5 0.4 - Newman
© JDFM SA01
b P=0.107
= 02| : ’

0.0

0246 810121416
Days

Figure 1. The survival rate of C. elegans worms infected with S. aureus JDFM SAQ1. Survival statistics:
S. aureus JDFM SA0Q1-conditioned nematodes compared with worms feeding on S. aureus Newman
and OP50 control strains. Statistical analysis was performed using Kaplan-Meier method.

1.0 - 0.6 -

s JDFM SAO1 = JDFM SAO1
= RN4220 ** C— RN4220
*%
*% *
* 3 *
c
©
0.5 - £ 03
o
]
el
<
0.0 0.0
1day 2day 3day 4day 1day 2day 3day 4day
(A) (B)

Figure 2. Evaluation of the biofilm formation ability of S. aureus JDFM SA01 strains. (A) 0.5x LB broth, (B) 0.1x LB broth.
Statistical significance was analyzed with a t-test. Asterisks indicate a statistically significant difference compared with
RN4220 (* p < 0.05, ** p < 0.01).

3.4. Transcriptome Analysis Overview

To study the gene expression profiles in biofilms, transcriptomics analysis of biofilms
and planktonic cells was performed by RNA sequencing. Quality control analysis of raw
reads obtained through sequencing was conducted, and basic statistics, such as total read
quality, total bases, total reads, and GC (%), were produced. The total number of sequenced
bases of planktonic cells was 2,967,007,955, and the number of reads was 29,473,682,
of which 96.50% showed a Phred score of 30. For biofilms, a total of 3,115,678,013 sequenced
bases were identified, and 30,942,842 reads were identified, of which 96.48% had a Phred
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score of 30. To reduce the bias of the analysis result, all samples were pretreated to remove
artifacts such as adapter sequences, contaminant DNA, and PCR duplicates.

The cDNA fragment obtained through RNA-seq was mapped using a genomic DNA
reference. Among 29,473,682 reads of planktonic cells, 28,548,736 reads were mapped,
the remaining 860,642 reads were not mapped, and 64,304 reads were removed due to
multiple mapping. In biofilms, 30,074,628 reads out of 30,942,842 reads were mapped.
The remaining 822,706 reads were not mapped, and 45,508 reads were removed due to
multiple mapping. To check the data quality of known genes from read mapping, genes
with a count value of 0 in more than one sample were excluded from the analysis. A total
of 51 genes were excluded from planktonic cells, and 73 genes were excluded from biofilms.
After the statistical analysis was performed on 2506 genes, excluding 124 out of 2630 genes,
differentially expressed genes were analyzed.

3.5. Quantitative Analysis of Gene Expression after Treatment of S. aureus [JDFM SA01 Biofilms

A heat map of hierarchical clustering analysis (Euclidean distance, complete linkage)
shows gene expression patterns between the two samples (Figure 3), divided into clus-
ter groups, showing a total of 10 expression pattern changes. In total, 501 upregulated
genes and 489 downregulated genes with significant differences between the two samples
were analyzed.

Color Key

Planktonic

Figure 3. Heat map of the one-way hierarchical clustering using Z-score for normalized value
(log2 based).

Next, a volcano plot and smear plot were constructed to visualize how the differ-
entially expressed genes (DEGs) were distributed. The results showed that genes with
different levels of expression existed between the two groups (Figure 4).
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Figure 4. Differential expression level of the biofilm vs. planktonic identified by | log2 (fold change) | > 1 and adjusted
p-value < 0.05. (A) volcano plot, (B) smear plot.

S. aureus JDFM SA01 had numerous genes encoding microbial surface components,
recognizing adhesive matrix molecules (MSCRAMMSs), including fibronectin-binding pro-
tein A precursor (fnbA), fibrinogen-binding protein (fib), collagen adhesin (cna), putative
poly-beta-1,6-N-acetyl-D-glucosamine export protein (icaC), and iron-regulated surface
determinant protein (isdA, isdB, isdC, isdH). Genes associated with the immune evasion
cluster (IEC) encoding staphylococcal complement inhibitor (scn) were expressed more
in biofilms than in planktonic cells. Notably, the virulence genes hlgA and hlgC were
overexpressed in biofilms (Table 12).

Table 12. Differentially expressed genes in biofilms compared with planktonic biofilms.

ID log2 (Fold_Change) logCPM p-Value Product Gene Name
S-aureus_1_00146_gene 73.927580 7.595026 1.5745E-100 Fibrinogen-binding protein Fib
S-aureus_1_00142_gene 34.971355 5.156831 4.87239E-53 Staphylococcal Sen

complement inhibitor
S-aureus_1_01520_gene 28.372963 6.429903 1.13995E-65 Gamma-hemolysin component A HIgA
S-aureus_1_00168_gene 14.364441 3.082528 2.50483E-19 fron-regulated surface IsdC

determinant protein C
S-aureus_1_01444_gene 4.896297 7.553409 9.02819E-24 Fibronectin-binding protein A FnbA
S-aureus_1_00170_gene 4302082 3.382092 1.62205E-10 fron-regulated surface IsdB

determinant protein B
S-aureus_1_02174_gene 3.507874 6.374902 8.07925E-15 Iron-regulated surface IsdH

determinant protein H
S-aureus_1_00169_gene 2.751611 4.668524 2.26694E-08 ron-regulated surface IsdA

determinant protein A

putative poly-beta-1,6-N-acetyl-D-
S-aureus_1_01278_gene 2.663345 0.792624 0.053006961 glucosamine IcaC
export protein

S-aureus_1_01256_gene 2.482370 7.790885 3.16301E-09 Collagen adhesin Can
S-aureus_1_01519_gene 2.166117 6.050228 1.89091E-06 Gamma-hemolysin component C HigC

3.6. GO Functional Enrichment Analysis

To further analyze the function of the DEGs underlying the difference between plank-
tonic and biofilms, GO enrichment analysis was performed with 990 DEGs. The details
regarding GO terms (biological process, cellular component, and molecular function) were
related to biofilm and planktonic states. In the category of biological process, metabolic
process was 35.33%, localization was 14.85%, biological regulation was 10.08%, the cellular
process was 9.08%, the response to the stimulus was 5.16%, and the multi-organism process
was 4.04% (Figure 5A). In the category of molecular function, catalytic activity was 47.84%,
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(A)

B Metabolic process (35.33%)

B Unclassified (19.28%)
Localization (14.85%)
Biological regulation (10.08%)
Cellular process (9.08%)

M Responseto stimulus (5.16%)

M Multi-organism process (4.04%)

Other (2.18%)

binding was 16.11%, transporter activity was 12.12%, structural molecule activity was
2.39%, and transcription regulator activity was 2.35% (Figure 5B). In the category of cellular
component, cell part was 47.79%, membrane part was 9.98%, membrane part was 9.31%,
protein-containing complex was 6.16%, extracellular region was 1.12%, and organelle was
1.81% (Figure 5C).

E—
W Cell part (47.79%) M Catalytic activity (47.84%)

B Unclassified (16.95%)
Binding (16.11%)

B Unclassified (22.86%)
Membrane (9.98%)
Membrane part (9.31%) ‘Transporter activity (12.12%)

Protein-containing complex (6.16%) Structural molecule activity (2.39%)

B Transcription regulator activity (2.35%)

M Others (2.24%)

B Extracellular region (1.12%)
B Organelle (1.01%)
Other (1.77%)

(B) ©

Figure 5. Significantly enriched gene ontology terms of differentially expressed genes. (A) Biological process; (B) cellular

component; (C) molecular function.

4. Discussion

This study found that many farms have been hygienically managed, whereas some
farms exhibited high levels of contamination. In particular, the milking machine needs
thorough hygiene management because milk can be contaminated with pathogenic bacteria
during milking [7]. However, in the farm environment, the udder junction of the milking
machine showed total aerobic bacteria counts of up to 4.5 log CFU/100 cm?. In the
processing plant, high levels of total aerobic bacteria were detected at the bottom of the
cheese vat, the drain hole, and the bottom of the ripening table. Even though the three
sites mentioned above do not come into contact with the cheese, they may be exposed
to contamination during cheese production, so care should be taken against microbial
contamination. The vat inside one processing plant showed microbial contamination of
approximately 4.2 log CFU/cm, suggesting the need for thorough washing.

Total aerobic bacteria counts are basic and good hygiene indicators for evaluat-
ing the degree of microbial contamination and the general quality of milk and dairy
products [29,30]. Our results showed large variations in the total aerobic bacterial preva-
lence among the tested spots on different farms and that there were different bacterial
counts in each spot. In particular, some farms are considered hygienically managed even
inside the milking machine and vat inside, whereas some farms would need strict hygiene
management as a high level of contamination was detected.

Psychrotrophic bacteria are currently thought to be one of the main troubles related
to the microbial contamination of raw milk [31]. It is known that psychrotrophic bacteria
present in milk are closely related to the spoilage of milk and dairy products and, as a
result, have a direct impact on the transport and shelf life of milk [32]. Several genera exist
in psychrotrophic bacteria, and Pseudomonas and Bacillus are considered the major genera
in dairy [33]. Pseudomonas is considered a psychrotrophic bacterium, with active metabolic
activity and proliferation at 4-7 °C. In our study, the number of total aerobic bacteria
and psychrotrophic bacteria showed a similar trend of prevalence. This finding suggests
that the majority of the bacteria present in the dairy environment are psychrotrophic
bacteria, and milk can be contaminated by these bacteria at any time. Therefore, it is
essential to manage farm hygiene to prevent the possibility of milk contamination from
these psychrotrophic bacteria.

The presence of coliform above 2.0 log CFU/mL indicates a hygienically inappropriate
environment for milk production [34]. Coliforms exist extensively in dairy environments,
including soils, rivers, groundwater, milking machines, and feces, and can easily contam-
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inate the raw milk [35]. In our study, coliforms of a minimum of 1.5 log CFU/mL and a
maximum of 6.2 log CFU/mL were detected in various farm environments, such as soil,
feces, drinking water, boots, and milking machines. The finding of coliform in the milking
machine is notable. Although the number of coliform bacteria did not exceed the hygiene
standard in the study, the presence of bacteria indicated that microbial contamination
through the milking machine is possible, suggesting that the hygiene management of the
milking machine should not be neglected.

The growth of yeast and molds in milk is a common cause of spoilage in fermented
dairy products [36]. The spoilage occurs because these microorganisms can grow well even
at low pH. Yeasts and molds that spoil dairy products are generally acquired from the air in
processing plants, manufacturing equipment, and the general environment (such as floors,
drains, ventilation ducts, etc.) [37]. Our results showed that yeasts or molds were detected
in various sites within the farm environment and processing plant. Notably, there were
farms with very high pollution levels of 3.2~8.4 log CFU/100 cm? in the milk filter. Molds
form spores and may produce mycotoxins. In previous studies, two mycotoxins (aflatoxins
and ochratoxins) were found in raw milk. Aflatoxin in raw milk is a stable, heat-resistant
compound and is not completely destroyed by pasteurization [38]. Therefore, special
attention is required for the sites with the highest contamination levels [39], and proper
hygiene will be necessary to prevent contamination by yeasts or molds and produce safe
and fresh milk.

Additionally, we found the presence of coliform in various sites of processing plants.
In particular, some farms had coliforms above the standard value inside the vat and
cheese mold, and 1.5 log CFU/mL was detected in the milking machine in one dairy farm.
The milking machine comes in direct contact with the cow’s udder, and hence, it can directly
contaminate the milk. Coliforms above the standard value were detected in 2 out of 8 farms
for raw milk and 1 out of 6 farms for cheese. In general, coliform contamination of raw milk
is related to feces, unclean udder and teats, the degree of cleaning of the milking container,
hygiene of the milking environment, and contaminated water [40,41]. Therefore, in the case
of farms with high coliform levels, it is recommended that proper hygiene management
should be followed to prevent contamination from the aforementioned pollutant sources.

We also examined the differences in major microbial quality for each dairy farm.
In the dairy farm environment, K and ] farm showed higher levels of total aerobic bacteria
compared to other dairy farms. In particularly, the K farm had the highest degree of
contamination of total aerobic bacteria in the milk filter among the dairy farms, so it seems
that hygiene management by disinfection or cleaning is necessary to reduce microbial con-
tamination. In addition, the K farm presented to have the highest degree of contamination
of yeasts and molds in the milk filter among dairy farms, so it is judged that the reuse of
the disposable milk filter should be checked and corrected. The H farm had the highest
level of coliform in boots among dairy farms, and care should be taken to ensure that
the coliform does not spread to other spots in the dairy farm via regular cleaning of the
boots. In dairy processing plants, the A and ] farms had the highest levels of total aerobic
bacteria. The J farm showed a high level of contamination in the vat bottom and drain
hole, and the A farm showed a high level in the ripening room floor and ripening table
bottom. In particular, the A farm showed a high level of 6.1 log coliform at the ripening
table bottom, indicating that the contamination inside the ripening room was more severe
than that of other dairy farms, and the counts of yeasts and molds were also the highest in
the vat bottom and drain hole. As a result, the A farm showed higher overall microbial
contamination in dairy processing plants compared to other dairy farms, and it seems that
hygiene management for microbial contamination control is needed throughout the dairy
processing plant.

B. cereus is a kind of soil bacteria that is widely distributed in the natural world and
in foods, and most of the B. cereus found in pasteurized milk is due to soil contamination
of the teat [42]. Additionally, B. cereus has heat resistance and a high spore production
ability; when appropriate conditions are met, it proliferates vigorously and causes spoilage
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and deterioration, and it is thought to be detected at a higher level than other foodborne
pathogens in dairy environments [43,44]. To date, the presence of B. cereus has long been
a threat to the dairy industry and has been known as a major pathogen, causing food
poisoning through milk and dairy products [7,27]. Our results showed a similar trend to
the previous study [6,42]. In our research, 11.1% and 18.2% of the workers’ shoes and the
bottom of the milking station in contact with the soil had B. cereus contamination.

S. aureus is a pathogen that causes mammary gland inflammation in the udder of
dairy cows and results in great economic losses in the dairy industry worldwide. In this
study, S. aureus was detected in only three milk filters in the dairy environment and
none in the processing plant. The milk filter is an essential part of the milking process
and is used to keep the milk clean by preventing debris and foreign substances from
entering the bulk milk tank. According to previous studies, many cases of contamination
of milk filters by pathogenic bacteria, such as S. aureus, E. coli O157, Salmonella, and L.
monocytogenes, have been reported [45,46]. Similarly, our study results also showed the
possibility of contamination of the milk filter by pathogenic bacteria. These results highlight
the importance of single-use milk filters for preventing filter contamination and emphasize
that we should check secondary contamination from workers to other sites.

We discovered S. aureus JDFM SA01 in the process of an experiment to detect and
identify pathogenic bacteria in dairy farms and reported the whole genome sequence anal-
ysis of S. aureus strain JDFM SAO01, isolated from a milk filter collected from a Korean dairy
farm [13]. In this study, we performed a toxicity test and analyzed the biofilm formation
characteristics using RNA-seq analysis to further analyze the molecular characteristics of S.
aureus JDFM SAQ1. As the study of host-pathogen interactions and bacterial pathogenesis
continues to increase, the C. elegans model offers advantages for studies of bacterial toxicity
and host defense systems [47,48]. Therefore, C. elegans is a promising model for evaluating
the toxicity of various pathogens [49]. The toxicity test results indicate that S. aureus JDFM
SAO01 is highly toxic to the C. elegans host and would be detrimental when ingested by
the human host. Staphylococcal food poisoning is commonly associated with S. aureus
contamination after pasteurization or the presence of S. aureus, which produces a large
number of toxins in milk before pasteurization [50]. Many S. aureus strains are capable of
producing extracellular protein toxins and virulence factors that contribute to pathogenicity,
such as heat stable enterotoxins that can be active during and after pasteurization. [51].
In this study, S. aureus JDFM SA01 was detected in the raw milk and milking facilities;
therefore, it may pose a potential risk of food poisoning.

Biofilm formation by S. aureus is an important issue in the dairy industry [11,52].
The biofilm-forming ability of S. aureus promotes adherence and colonization of microor-
ganisms on milking equipment and dairy production facilities and resistance against
antibiotics [53]. For this reason, we additionally confirmed the biofilm formation abil-
ity, and there was a risk of contamination in the dairy environment due to the biofilm
formation ability of the S. aureus JDFM SAO1 strain. Biofilms are potential sources of
pathogenic bacteria for milk contamination in bulk tanks, so preventing biofilm formation
in milking facilities is a very important step in producing safe, high-quality milk [52,53].
Several previous studies have shown the risk of biofilm formation of pathogenic bacteria
in milking equipment [54,55]. Our results show that S. aureus isolated from milk filters
has a high biofilm-forming ability. This finding suggests the possibility of formation and
contamination by biofilms if milking facilities and bulk tanks, including milking machines,
are contaminated by S. aureus.

Finally, we identified the correlation between the biofilm formation characteristics and
gene expression of S. aureus JDFM SA01 through RNA-seq analysis. In biofilms, the genes
encoding fibrinogen-binding protein fib, gamma-hemolysin components hlgA and hlgC,
and virulence factors of S. aureus were significantly upregulated. The upregulation of genes
encoding surface proteins fib, fnbA, can, and icaC and genes that promote the adhesion
of JDFM SA(Q1-induced biofilms (IsdA, IsdB, IsdC, and IsdH) might clarify the improved
biofilm viability and biomass. Upon GO functional enrichment, 322, 111, and 336 specific
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GO terms in the biological process, cellular component, and molecular function were
confirmed, respectively. These aspects showed that S. aureus JDFM SAOQ1 could form stable
and mature biofilms.

5. Conclusions

Until now, various microbial studies related to milk have been conducted in various
countries, including Europe, Australia, and the United States, but related studies have
been insufficient in Korea. Therefore, we investigated the prevalence and characterization
of microorganisms in various spots in dairy farm environments and processing plants in
Korea. Overall, it was confirmed that hygiene was relatively good across the farms, except
for several spots, but raw milk always can be exposed to pathogenic bacteria and thus
needs to be hygienically controlled, as it can cause food poisoning when contaminated.
This study provides insight into the prevalence of hygiene indicator bacteria and pathogenic
bacteria in Korean dairy farms. This work, along with a microbial study related to dairy
farms, has laid the foundation for research to produce hygienic and high quality milk and
dairy products.

Author Contributions: Conceptualization, S.R., YK. and S.0.; methodology, S.R., M.S,, B.Y.,, W.L,,
YK. and S.0,; validation, S.R., M.S.; formal analysis, S.R., B.Y.; investigation, S.R., H.C.; data curation,
S.R., W.L.; writing—original draft preparation, S.R., M.K,, YX. and S.O.; writing—review and editing,
SR, MS., HC, MK, YK. and S.O.; visualization, S.R., M.S.; supervision, Y.K. and S.O.; project
administration, Y.K. and S.0.; funding acquisition, Y.K. and S.O. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the support of “Cooperative Research Program for Agri-
culture Science and Technology Development (Project No. PJ0158652021)” Rural Development
Administration, Republic of Korea, and Microbial Institute for Fermentation Industry (MIFI) through
the Establishment of Integrated Biobank for Agriculture, Food, and Livestock Microbiome Project,
funded by the Ministry of Agriculture, Food, and Rural Affairs (MAFRA) (MIFI2020KMBBO01).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this research can be used upon request with the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  van Lieshout, G.A.; Lambers, T.T.; Bragt, M.C.; Hettinga, K.A. How processing may affect milk protein digestion and overall
physiological outcomes: A systematic review. Crit. Rev. Food Sci. Nutr. 2020, 60, 2422-2445. [CrossRef]

2. Osman, K.M.; Zolnikov, T.R.; Samir, A.; Orabi, A. Prevalence, pathogenic capability, virulence genes, biofilm formation, and an-
tibiotic resistance of Listeria in goat and sheep milk confirms need of hygienic milking conditions. Pathog. Glob. Health 2014, 108,
21-29. [CrossRef]

3. Viljoen, B.C. The interaction between yeasts and bacteria in dairy environments. Int. ]. Food Microbiol. 2001, 69, 37-44. [CrossRef]

4.  Eneroth, A.; Ahrné, S.; Molin, G. Contamination routes of Gram-negative spoilage bacteria in the production of pasteurised milk,
evaluated by randomly amplified polymorphic DNA (RAPD). Int. Dairy J. 2000, 10, 325-331. [CrossRef]

5. Li,N.; Wang, Y.; You, C; Ren, J.; Chen, W.; Zheng, H.; Liu, Z. Variation in raw milk microbiota throughout 12 months and the
impact of weather conditions. Sci. Rep. 2018, 8, 1-10. [CrossRef] [PubMed]

6.  Mcauley, C.M.; McMillan, K.; Moore, S.C.; Fegan, N.; Fox, E.M. Prevalence and characterization of foodborne pathogens from
Australian dairy farm environments. J. Dairy Sci. 2014, 97, 7402-7412. [CrossRef] [PubMed]

7. Oliver, S.P; Jayarao, B.M.; Almeida, R.A. Foodborne pathogens in milk and the dairy farm environment: Food safety and public
health implications. Foodbourne Pathog. Dis. 2005, 2, 115-129. [CrossRef] [PubMed]

8.  Hein, L; Jorgensen, H.J.; Loncarevic, S.; Wagner, M. Quantification of Staphylococcus aureus in unpasteurised bovine and caprine
milk by real-time PCR. Res. Microbiol. 2005, 156, 554-563. [CrossRef]

9. Tranter, H.S. Foodborne staphylococcal illness. Lancet (Br. Ed.) 1990, 336, 1044-1046. [CrossRef]

10. Vazquez-Sanchez, D.; Lopez-Cabo, M.; Saa-Ibusquiza, P.; Rodriguez-Herrera, J.J. Incidence and characterization of Staphylococcus
aureus in fishery products marketed in Galicia (Northwest Spain). Int. J. Food Microbiol. 2012, 157, 286-296. [CrossRef]

11. Seale, B.; Bremer, P; Flint, S.; Brooks, J.; Palmer, J. Overview of the problems resulting from biofilm contamination in the dairy

industry. Biofilms Dairy Ind. 2015, 49-64. [CrossRef]


http://doi.org/10.1080/10408398.2019.1646703
http://doi.org/10.1179/2047773213Y.0000000115
http://doi.org/10.1016/S0168-1605(01)00570-0
http://doi.org/10.1016/S0958-6946(00)00055-8
http://doi.org/10.1038/s41598-018-20862-8
http://www.ncbi.nlm.nih.gov/pubmed/29402950
http://doi.org/10.3168/jds.2014-8735
http://www.ncbi.nlm.nih.gov/pubmed/25282417
http://doi.org/10.1089/fpd.2005.2.115
http://www.ncbi.nlm.nih.gov/pubmed/15992306
http://doi.org/10.1016/j.resmic.2005.01.003
http://doi.org/10.1016/0140-6736(90)92500-H
http://doi.org/10.1016/j.ijfoodmicro.2012.05.021
http://doi.org/10.1002/9781118876282.ch4

Animals 2021, 11, 1306 17 of 18

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Chung, Y.H.; Chung, D.H.; Baick, S.C. The formation and control of the biofilm in dairy industry: A review. J. Dairy Sci. Biotechnol.
2015, 33, 139-151.

Ryu, S.; Shin, D.; Heo, J.; Jeong, S.-Y.; Jeong, D.-Y.; Yun, B.; Kang, M.; Kim, Y.; Oh, S. Complete chromosome and plasmid
sequences of Staphylococcus aureus strain JDFM SA01, isolated from a milk filter in Korean dairy farm. J. Anim. Sci. Technol.
2020, 62, 423-426. [CrossRef]

Van Kessel, ].A.S.; Karns, ].S.; Lombard, J.E.; Kopral, C.A. Prevalence of Salmonella enterica, Listeria monocytogenes, and Escherichia
coli virulence factors in bulk tank milk and in-line filters from US dairies. J. Food Prot. 2011, 74, 759-768. [CrossRef] [PubMed]

Code, K.F. Korea Food and Drug Administration. Seou!Korea 2002, 5, 3—4.

Kim, Y.; Mylonakis, E. Caenorhabditis elegans immune conditioning with the probiotic bacterium Lactobacillus acidophilus
strain NCFM enhances gram-positive immune responses. Infect. Immun. 2012, 80, 2500-2508. [CrossRef] [PubMed]

Coffey, B.M.; Anderson, G.G. Biofilm formation in the 96-well microtiter plate. In Pseudomonas Methods and Protocols; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 631-641.

Oosthuizen, M.C.; Steyn, B.; Lindsay, D.; Brozel, V.S.; von Holy, A. Novel method for the proteomic investigation of a dairy-
associated Bacillus cereus biofilm. FEMS Microbiol. Lett. 2001, 194, 47-51. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357-360. [CrossRef] [PubMed]

Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923-930. [CrossRef]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef] [PubMed]

Dennis, G.; Sherman, B.T.; Hosack, D.A.; Yang, J.; Gao, W.; Lane, H.C.; Lempicki, R.A. DAVID: Database for annotation,
visualization, and integrated discovery. Genome Biol. 2003, 4, 1-11. [CrossRef]

Yu, G. clusterprofiler: Universal enrichment tool for functional and comparative study. bioRxiv 2018, 256784. [CrossRef]
Kanehisa, M.; Goto, S.; Kawashima, S.; Okuno, Y.; Hattori, M. The KEGG resource for deciphering the genome. Nucleic Acids Res.
2004, 32, D277-D280. [CrossRef] [PubMed]

Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, ].H.; Bork, P.
STRING v11: Protein—protein association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019, 47, D607-D613. [CrossRef] [PubMed]

Artursson, K.; Schelin, J.; Lambertz, S.T.; Hansson, I.; Engvall, E.O. Foodborne pathogens in unpasteurized milk in Sweden. Int. ].
Food Microbiol. 2018, 284, 120-127. [CrossRef]

Mohammed, H.O,; Stipetic, K.; McDonough, P.L.; Gonzalez, R.N.; Nydam, D.V.; Atwill, E.R. Identification of potential on-farm
sources of Listeria monocytogenes in herds of dairy cattle. Am. . Vet. Res. 2009, 70, 383-388. [CrossRef]

Hadrya, F; Elouardi, A.; Benali, D.; Hami, H.; Soulaymani, A.; Senouci, S. Bacterial quality of informally marketed raw milk in
Kenitra city, Morocco. Pak. J. Nutr. 2012, 11, 662. [CrossRef]

Bereda, A.; Yilma, Z.; Nurfeta, A. Hygienic and microbial quality of raw whole cow’s milk produced in Ezha district of the
Gurage zone, Southern Ethiopia. Wudpecker ]. Agric. Res. 2012, 1, 459-465.

Hantsis-Zacharov, E.; Halpern, M. Culturable psychrotrophic bacterial communities in raw milk and their proteolytic and lipolytic
traits. Appl. Environ. Microbiol. 2007, 73, 7162-7168. [CrossRef]

Cousin, M. Presence and activity of psychrotrophic microorganisms in milk and dairy products: A review. J. Food Prot. 1982, 45,
172-207. [CrossRef] [PubMed]

Dogan, B.; Boor, K.J. Genetic diversity and spoilage potentials among Pseudomonas spp. isolated from fluid milk products and
dairy processing plants. Appl. Environ. Microbiol. 2003, 69, 130-138. [CrossRef]

Fernandes, R. Microbiology Handbook: Dairy Products; Royal Society of Chemistry: London, UK, 2009.

Manolopoulou, E.; Sarantinopoulos, P.; Zoidou, E.; Aktypis, A.; Moschopoulou, E.; Kandarakis, I.G.; Anifantakis, E.M. Evolution of
microbial populations during traditional Feta cheese manufacture and ripening. Int. ]. Food Microbiol. 2003, 82, 153-161. [CrossRef]
Ibrahim, G.A.; Sharaf, O.M.; El-Khalek, A. Microbiological quality of commercial raw milk, domiati cheese and kareish cheese.
Middle East ]. Appl. Sci. 2015, 5, 171-176.

Frank, ].E. Milk and dairy products. In Food Microbiology: Fundamentals and Frontiers, 3rd ed.; American Society of Microbiology:
Washington, DC, USA, 2007; pp. 141-155.

Rustom, LY. Aflatoxin in food and feed: Occurrence, legislation and inactivation by physical methods. Food Chem. 1997, 59, 57-67.
[CrossRef]

Beletsiotis, E.; Ghikas, D.; Kalantzi, K. Incorporation of microbiological and molecular methods in HACCP monitoring scheme of
molds and yeasts in a Greek dairy plant: A case study. Procedia Food Sci. 2011, 1, 1051-1059. [CrossRef]

Gemechu, T.; Beyene, E; Eshetu, M. Handling practices and microbial quality of Raw Cow’s milk produced and marketed in
Shashemene Town, Southern Ethiopia. Int. . Agric. Soil Sci. 2014, 2, 153-162.

Jayarao, B.M.; Pillai, S.; Sawant, A.; Wolfgang, D.; Hegde, N. Guidelines for monitoring bulk tank milk somatic cell and bacterial
counts. J. Dairy Sci. 2004, 87, 3561-3573. [CrossRef]


http://doi.org/10.5187/jast.2020.62.3.423
http://doi.org/10.4315/0362-028X.JFP-10-423
http://www.ncbi.nlm.nih.gov/pubmed/21549046
http://doi.org/10.1128/IAI.06350-11
http://www.ncbi.nlm.nih.gov/pubmed/22585961
http://doi.org/10.1111/j.1574-6968.2001.tb09444.x
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1186/gb-2003-4-9-r60
http://doi.org/10.1101/256784
http://doi.org/10.1093/nar/gkh063
http://www.ncbi.nlm.nih.gov/pubmed/14681412
http://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
http://doi.org/10.1016/j.ijfoodmicro.2018.05.015
http://doi.org/10.2460/ajvr.70.3.383
http://doi.org/10.3923/pjn.2012.760.767
http://doi.org/10.1128/AEM.00866-07
http://doi.org/10.4315/0362-028X-45.2.172
http://www.ncbi.nlm.nih.gov/pubmed/30866191
http://doi.org/10.1128/AEM.69.1.130-138.2003
http://doi.org/10.1016/S0168-1605(02)00258-1
http://doi.org/10.1016/S0308-8146(96)00096-9
http://doi.org/10.1016/j.profoo.2011.09.157
http://doi.org/10.3168/jds.S0022-0302(04)73493-1

Animals 2021, 11, 1306 18 of 18

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

Christiansson, A.; Bertilsson, J.; Svensson, B. Bacillus cereus spores in raw milk: Factors affecting the contamination of milk
during the grazing period. J. Dairy Sci. 1999, 82, 305-314. [CrossRef]

Bartoszewicz, M.; Hansen, B.M.; Swiecicka, I. The members of the Bacillus cereus group are commonly present contaminants of
fresh and heat-treated milk. Food Microbiol. 2008, 25, 588-596. [CrossRef]

Shaheen, R.; Svensson, B.; Andersson, M.A.; Christiansson, A.; Salkinoja-Salonen, M. Persistence strategies of Bacillus cereus
spores isolated from dairy silo tanks. Food Microbiol. 2010, 27, 347-355. [CrossRef] [PubMed]

Castro, H.; Ruusunen, M.; Lindstrém, M. Occurrence and growth of Listeria monocytogenes in packaged raw milk. Int. J.
Food Microbiol. 2017, 261, 1-10. [CrossRef] [PubMed]

Murphy, B.P.; Murphy, M.; Buckley, ].E,; Gilroy, D.; Rowe, M.T.; McCleery, D.; Fanning, S. In-line milk filter analysis: Escherichia
coli O157 surveillance of milk production holdings. Int. J. Hyg. Environ. Health 2005, 208, 407—413. [CrossRef]

Hunt, P.R. The C. elegans model in toxicity testing. J. Appl. Toxicol. 2017, 37, 50-59. [CrossRef] [PubMed]

Kong, C.; Yehye, W.A.; Abd Rahman, N.; Tan, M.-W.; Nathan, S. Discovery of potential anti-infectives against Staphylococcus
aureus using a Caenorhabditis elegans infection model. BMC Complementary Altern. Med. 2014, 14, 1-17. [CrossRef]

Kaletta, T.; Hengartner, M.O. Finding function in novel targets: C. elegans as a model organism. Nat. Rev. Drug Discov. 2006, 5, 387-399.
[CrossRef]

Todd, E.C.; Greig, ].D.; Bartleson, C.A.; Michaels, B.S. Outbreaks where food workers have been implicated in the spread of
foodborne disease. Part 4. Infective doses and pathogen carriage. J. Food Prot. 2008, 71, 2339-2373. [CrossRef]

Balaban, N.; Rasooly, A. Staphylococcal enterotoxins. Int. . Food Microbiol. 2000, 61, 1-10. [CrossRef]

Mogha, K.V.; Shah, N.P,; Prajapati, ].B.; Chaudhari, A.R. Biofilm-A threat to dairy industry. Indian ]. Dairy Sci 2014, 67, 459-466.
Latorre, A.; Van Kessel, J.; Karns, J.; Zurakowski, M.; Pradhan, A.; Boor, K.; Jayarao, B.; Houser, B.; Daugherty, C.; Schukken, Y.
Biofilm in milking equipment on a dairy farm as a potential source of bulk tank milk contamination with Listeria monocytogenes.
J. Dairy Sci. 2010, 93, 2792-2802. [CrossRef]

Lee, S.; Mangolin, B.; Gongalves, ].; Neeff, D.; Silva, M.; Cruz, A.; Oliveira, C. Biofilm-producing ability of Staphylococcus aureus
isolates from Brazilian dairy farms. J. Dairy Sci. 2014, 97, 1812-1816. [CrossRef] [PubMed]

Avila-Novoa, M.-G.; Iniguez-Moreno, M.; Solis-Velazquez, O.-A.; Gonzélez-Gémez, ].-P.; Guerrero-Medina, P--].; Gutiérrez-Lomeli,
M. Biofilm formation by Staphylococcus aureus isolated from food contact surfaces in the dairy industry of Jalisco, Mexico. J.
Food Qual. 2018, 2018, 1746139. [CrossRef]


http://doi.org/10.3168/jds.S0022-0302(99)75237-9
http://doi.org/10.1016/j.fm.2008.02.001
http://doi.org/10.1016/j.fm.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/20227599
http://doi.org/10.1016/j.ijfoodmicro.2017.08.017
http://www.ncbi.nlm.nih.gov/pubmed/28850852
http://doi.org/10.1016/j.ijheh.2005.03.001
http://doi.org/10.1002/jat.3357
http://www.ncbi.nlm.nih.gov/pubmed/27443595
http://doi.org/10.1186/1472-6882-14-4
http://doi.org/10.1038/nrd2031
http://doi.org/10.4315/0362-028X-71.11.2339
http://doi.org/10.1016/S0168-1605(00)00377-9
http://doi.org/10.3168/jds.2009-2717
http://doi.org/10.3168/jds.2013-7387
http://www.ncbi.nlm.nih.gov/pubmed/24440248
http://doi.org/10.1155/2018/1746139

	Introduction 
	Materials and Methods 
	Collection of Dairy Farm Samples 
	Microbial Analysis of the Dairy Farm Environment and Processing Plants 
	Measurement of Hygiene-Indicating Microorganisms 
	Detection and Identification of Foodborne Pathogens 

	Caenorhabditis Elegans Life Span Assay 
	Biofilm Formation and Sample Collection 
	RNA Sequencing 
	RNA Extraction, Library Construction, and Sequencing 
	RNA Sequencing Data Analysis 


	Results 
	Microbial Quality of Farm Environment and Processing Plant 
	Total Aerobic Bacteria 
	Psychrotrophic Bacteria 
	Yeasts and Molds 
	Coliform Count 

	Detection of Foodborne Pathogens in Farm Environments and Processing Plants 
	Toxicity and Biofilm Formation of S. aureus JDFM SA01 
	Transcriptome Analysis Overview 
	Quantitative Analysis of Gene Expression after Treatment of S. aureus JDFM SA01 Biofilms 
	GO Functional Enrichment Analysis 

	Discussion 
	Conclusions 
	References

