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In response to evolving environmental, production, and processing conditions, microbial
communities have tremendous abilities to move toward increased diversity and fitness by various
pathways such as vertical and horizontal gene transfer mechanisms, biofilm formation, and quorum
sensing [1,2]. As such, assuring the safety of water and food supplies from various natural and
anthropogenic microbial pathogens is a daunting task and a moving target. Recent outbreaks of Listeria
monocytogenes in South Africa associated with a ready-to-eat product (affecting close to 1000 individuals)
and the 2018 outbreak of Shiga toxin-producing Escherichia coli O26 associated with ground meat in the
United States (leading to the recall of more than 132,000 pounds of products) are bitter reminders of
the devastating influences of foodborne diseases on the public health and food manufacturing [3,4].

Recent epidemiological studies of world populations indicate that 420,000 people lose their lives
every year due to foodborne diseases, with around one-third of those being 5 years of age or younger.
It is further estimated that every year, 1 in 10 individuals experience foodborne diseases around the
globe, leading to an annual loss of 33 million healthy life years [5]. These episodes of food and water
illnesses, hospitalizations, and deaths are concerns for both developing economies and developed
nations. In the United States, as an example, epidemiological data derived from active surveillance
data of the Centers for Disease Control and Prevention reveals that every year 31 main foodborne
pathogens cause 9.4 million episodes of illnesses and about 56,000 cases of hospitalizations, leading to
at least 1351 deaths of American adults and children [6].

In addition to these public health challenges, foodborne diseases are a major cause of consumer
insecurity and economic burden to private industry, healthcare facilities, and government agencies due
to costs associated with medical treatments and secondary costs related to food recalls and outbreak
investigations [1]. Foodborne nontyphoidal Salmonella enterica serovars, as an example, cause an
estimated 1,027,561 illnesses annually in the United States, with 27.2% and 0.5% hospitalization and
death rates, respectively [6], leading to annual public health burden of 32,900 disability-adjusted life
years [7]. Similarly, from 1998 to 2018, the bacterium had been the causal agent of >2500 single or
multi-state outbreaks in the United States [8]. Overall, the cost of foodborne diseases is estimated to be
$77.7 billion annually in the United States [9].

In addition to economic losses, consumers’ insecurity, and hospitalization, illness, and death
episodes, victims of foodborne diseases may suffer prolonged and potentially life-long health
complications after exposures to foodborne pathogens. Some of these main sequelae are Guillain–Barré
syndrome, reactive arthritis, post-infectious irritable bowel syndrome, hemolytic uremic syndrome,
and end-stage renal disease that could occur after infections with foodborne pathogens such as
Campylobacter spp., Salmonella enterica serovars, and various serogroups of Shiga toxin-producing

Microorganisms 2019, 7, 469; doi:10.3390/microorganisms7100469 www.mdpi.com/journal/microorganisms1
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Escherichia coli. These additional public health burdens are calculated using epidemiological metrics
such as the above-mentioned disability-adjusted life year [7].

Changes in the climate will unequivocally have pronounced effects on the proliferation of microbial
pathogens and consequently the prevalence of foodborne diseases. As an example, it has been reported
that only a 1 ºC increase (above 5 ºC) in temperature of an environment could lead to 5% to 10%
increase in cases of salmonellosis [10]. In the United States alone, a 5% increase in illness episodes
could translate to >50,000 additional cases of illnesses of nontyphoidal Salmonella serovars every year.

Similarly, the safety of water supplies is also interconnected with the changing climate. The World
Health Organization estimates that approximately 2 million deaths each year are attributed to
waterborne diarrheal diseases, with the vast majority of these deaths occurring in children [11]. This is
largely attributed to the fact that 785 million people lack basic drinking-water service, with 144 million
of these people reliant upon surface water [12]. Climatic conditions such as flooding and drought can
influence the fate and transport of pathogenic microorganisms, as well as their fate and proliferation
rates in the environment. The potential impacts of climate change on water supplies are primarily
centered on anticipated changes in precipitation and increasing temperatures.

Increased precipitation can lead to runoff and flooding. Increased nutrient loading of surface
waters due to runoff in both urban and rural areas coupled with warm temperatures can contribute to
increased multiplication of cyanobacterial blooms and their harmful counterparts [13–15]. Flooding is
attributed to increased risk of gastrointestinal illness when ground and surface sources for drinking
water are impacted and not treated sufficiently. This presents potential concerns for citizens worldwide
that do not have access to treated drinking water and may also present challenges in conventional
treatment processes. During flooding events, surface and ground waters can become contaminated
by sewer flooding and overflows that can result in higher risk of exposure to enteric pathogens [16].
In fact, there is a significant historic correlation between extreme rainfall events and outbreaks of
waterborne diseases [17]. Conversely, drought can affect river flows, flushing rates, and eutrophication
processes, which can lead to increased concentrations of Cyanobacteria and pathogens attributed to
diarrheal diseases [11,18].

Surface water temperatures in streams have been shown to directly correlate to ambient air
temperatures [19,20]. Therefore, one can anticipate that increasing ambient temperatures caused by
climate change will in turn increase temperatures of surface waters, which serve as sources for drinking
water, agricultural irrigation, and other domestic purposes that impact human health, especially in
developing nations where drinking water treatment might not be as ubiquitous.

Climate change is one of the most significant challenges facing the public health and the safety and
security of our food and water supplies. Without a major overhaul of our current energy production,
political, and transportation systems, there will continue to be massive greenhouse gasses (GHGs)
emissions into the atmosphere, further driving the changes in the climate. Beyond that, inertia in the
climate systems will force continued climate change irrespective of GHG emission abatements [21].
Therefore, it is imperative that we better understand the risks to the safety of our food and water
supply posed by climate change for the conduct of vulnerability assessments and the development of
climate mitigation, adaption, and resilience programs.

Human-emitted GHGs are driving climate change [22] and altering many planetary systems in
potentially irrevocable ways (e.g., the melting of the cryosphere, the warming of the oceans, changing
rainfall patterns, etc.) [23]. Given that the climate will continue to warm throughout at least the first half
of the 21st century [21], it is crucial to project the effects of future climate change. The Intergovernmental
Panel on Climate Change (IPCC) has projections on the climatic effects of climate change across a
range of different GHGs emissions scenarios (i.e., RCP2.6, RCP4.5, RCP6.0, RCP8.5) [23]. More GHGs
emissions will result in an increased average surface temperature, greater precipitation, and higher
sea levels. These consequences of future climate change can work individually or synergistically to
threaten the safety of our food and water supply by impacting the fate and proliferation of foodborne
and waterborne pathogens.
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While the direct link between climate change and infectious diseases is inherently not
characterized [24,25], we can infer their relationship by assimilating the impact of climatic factors and
these diseases [26]. Many foodborne and waterborne diseases show strong cyclical periodicity based
on precipitation and temperature—factors that are impacted by climate change [26,27]. The large
rainfall events that will become commonplace due to climate change will challenge the safety of
our water supply by causing sanitary and combined sewer overflows [28–30]. Further, these large
rainstorms spread etiological agents of viral, parasitic, and bacterial infections [20,26,31]. To highlight
one challenge, climate change is increasing sea surface temperature and causing sea level rise, both of
which could fuel cholera outbreaks [32]. The increases in sea surface temperature promote greater
Vibrio multiplication, as an example, and the rises in sea level could facilitate Vibrio infiltration into
local water sources.

The public health and our food production and processing infrastructures in the 21st century
will undoubtedly face paramount challenges due to global warming and subsequent changes in
environmental conditions. Emerging and re-emerging zoonotic infectious diseases and subsequently
increases in pesticides and veterinary drugs use and residues; increases in the prevalence of
drug-resistant microorganisms in the food chain and healthcare facilities; the enhanced proliferation
and prevalence of waterborne and foodborne bacteria, viruses, and parasitic agents in various regions
and commodities; increases in the prevalence of toxigenic fungi and mycotoxins in the production
environment and the food and feed chain; and increases in harmful algal blooms affecting fishery
products will undoubtedly represent crucial challenges to our water and food safety and security in the
21st century. These will almost certainly affect the vulnerable populations from developing countries
the most—those who have contributed the least to the current changes in the climate. Susceptible and
at-risk populations, including the very young, elderly, pregnant women, and the immunocompromised,
will also be most severely affected by this main public health challenge of our time.

Without intervention at the population level, the availability, access, utilization, and stability of
an array of food and agricultural crops and water resources could almost certainly be jeopardized
in the landscape of changing climate [33]. Although solutions to these challenges are inherently a
moving target, the genetic wealth of plant, animal, and aquatic species could be a great resource for the
development of climate resilience, adaption, and mitigation programs [34]. Developing evidence-based
food and agricultural systems for climate change mitigation, expanding adaption programs tailored for
small and emerging entrepreneurs, strengthening regional and international cooperation, and financing
climate-smart food and agricultural systems are some of the current proposed interventions [35].

The current special issue provides a collection of research and review articles that discuss
mitigating and prevention strategies associated with some of the most important foodborne and
waterborne pathogens in the United States and around the globe. The public health burden of these
pathogens will continue to gain further importance and momentum in future years in the landscape of
the changing climate.
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Abstract: Previously known as Enterobacter sakazakii from 1980 to 2007, Cronobacter sakazakii is an
opportunistic bacterium that survives and persists in dry and low-moisture environments, such
as powdered infant formula. Although C. sakazakii causes disease in all age groups, infections
caused by this pathogen are particularly fatal in infants born premature and those younger than
two months. The pathogen has been isolated from various environments such as powdered infant
formula manufacturing facilities, healthcare settings, and domestic environments, increasing the
chance of infection through cross-contamination. The current study discusses the outbreak history of
C. sakazakii and the ability of the microorganism to produce biofilms on biotic and abiotic surfaces.
The study further discusses the fate of the pathogen in low-moisture environments, articulates
preventive measures for healthcare providers and nursing parents, and delineates interventions
that could be utilized in infant formula manufacturing to minimize the risk of contamination with
Cronobacter sakazakii.

Keywords: Cronobacter sakazakii; powdered infant formula; Cronobacter outbreaks; preventive
measures; infant care setting

1. Introduction

Cronobacter sakazakii is a recently classified and an emerging and opportunistic pathogen, found
in a number of low-moisture foods including in powdered infant formula. Capable of causing
morbidity in all age groups, this pathogen affects neonates and infants leading to life-threatening
health complications, such as neonatal meningitis, urinary tract infection, sepsis, and seizures [1,2].
Historically, the pathogen was known as yellow-pigmented Enterobacter cloacae [3] until it was
reclassified in 1980 as Enterobacter sakazakii by Farmer et al. [4,5]. With advancements in identification
methods such as partial 16S ribosomal DNA, as well as hsp60 sequencing and polyphasic analyses, the
genus undergone further reclassification in recent years [1,4]. Two proposals for defining the new novel
genus Cronobacter were posited in 2007 and 2008 [4,6], that were further defined in 2012 [7]. The genus
Cronobacter was derived from the Greek term “Cronos,” a Titan of ancient mythology who swallowed
his infants when they were born, in fear of being replaced by them [5]. The species epithet sakazakii, was
proposed by Farmer et al. in 1980, in honor of the Japanese microbiologist, Riichi Sakazaki (1920–2002),
a bacterial taxonomist also involved in nomenclature development of this pathogen [5,8].

C. sakazakii is a peritrichously flagellated, rod-shaped, and non-spore-forming pathogen. It is
recognized as facultative anaerobic where its preferable growth is without oxygen presence but can
grow with a small amount of oxygen. The growth temperature range is 6–45 ◦C with an optimum
multiplication temperature of 37–43 ◦C. It can also survive low-moisture environments, such as
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infant formula, with a water activity of 0.30 to 0.83 for up to 12 months [9]. Ranging from 9–44%,
C. sakazakii can be found in environmental samples from domestic and manufacturing facilities [10].
Thermal resistance can play a major part in the survival rate of C. sakazakii. Lukewarm water with
temperature ranging from 52–58 ◦C has been confirmed to reduce the pathogen in reconstituted
powdered infant formula [11]. C. sakazakii can be cultured on tryptic soy agar showing a distinct
morphology of yellow-pigmented colonies. The vast majority of reported cases worldwide are from
the United States, France, UK, Belgium, Philippines, Brazil, Israel, Spain, Hungary, Japan, Mexico,
China, and Switzerland [1]. It is noteworthy that recent studies indicate that non-sakazakii species of
Cronobacter including malonaticus, turicensis, universalis, dublinensis, muytjensii, and condimenti, could
potentially cause morbidity and life-threatening complications in infants and adults [12,13]. Except
for C. condimenti that has not been involved in any documented clinical episode, the other six species
have clinical significance, with C. sakazakii and C. malonaticus as the major pathogenic species of
public health concern followed by C. turicensis, C. universalis, C. muytjensii, and C. dublinensis [14–16].
As further delineated in Section 3.1, unlike vast majority of foodborne pathogens of public health
concern, pathogenic species of Cronobacter are currently not part of the notifiable disease surveillance
systems in nearly all public health infrastructures of North America and European Union, thus, the
true epidemiological picture of these pathogens will continue to be unknown. Currently, identification
of Cronobacter species can only be made through the use of species-specific PCR analyses or by whole
genome sequencing.

2. Outbreak and Sporadic Episodes

C. sakazakii is an emerging pathogen in neonates and infants that was first known internationally
before being recognized in the United States. In the late 1920s, there had been a report of
“yellow-pigment coliforms” by Pangalos as the first published information on Cronobacter species
from a case of septicemia [17]. Fast forwarding to the 1950s, strains from potable and/or river water
samples from Metropolitan Water Board in London, submitted to England’s National Collection of
Type Cultures, seem to have similar physiological traits of possibly Cronobacter species. Nevertheless,
between 1958 and 2016, there are approximately eight countries which reported cases of C. sakazakii
suggesting that its reemergence and increased prevalence is reflective of its increased public health
concern [5]. Here are listings of outbreaks in chronological order from the first documented case of C.
sakazakii outbreak to the current. A summary of these outbreaks was also uploaded and is available
in a public repository that can be accessed at https://doi.org/10.7910/DVN/TZ5PV9 (accessed on
21 February 2019).

As delineated earlier, our understanding of pathogenic Cronobacter species have been subject of
redefinitions in recent years [14–16]. Until the correct identification of clinical isolates of Cronobacter
species is achieved, the epidemiology of infections caused by these pathogens will always be lacking.

2.1. 1958: England

In 1958, there were two reported cases of neonatal meningitis at the Osterhills Hospital in England
who died within two days apart. Patient 1 was a male, born on May 29, 1958. He had an average
birth weight of 3034 g and was born after 38 weeks of gestation. After 10 days of life, the infant was
discharged from the hospital but was quickly readmitted the next day after signs of grunting, jaundice,
and loss of appetite. Samples were taken from the brain, cerebrospinal fluid, bronchus, urine, and
blood where Enterobacter cloacae (reclassified in later years to Enterobacter sakazakii [18]) was isolated
and a diagnosis of meningitis was confirmed. Intramuscular injection of oxytetracycline was given to
the patient. However, within 48 h, the patient died.

Patient 2 was a female, born on June 5th, 1958, with her twin brother. After an emergency cesarean
section, the newborns were premature after 32 weeks of gestation with the patient and her brother
weighing 2013 g and 1191 g, respectively. The brother began to show signs of good progression over
five days, however, the patient did not. On day 5 of life, the patient had immediate signs of collapsing
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cerebral, jaundice and an urticarial rash. Samples from bronchus, liver, marrow, and spleen were taken,
but hours later the patient died.

Both of the neonates had similar findings in the necropsy report, one including abnormalities in the
brain which may lead to the presence of meningitis. Pertaining to the respiratory tract, patient 1 had no
evidence of inflammation unlike patient 2 who contained scanty yellow fluids with consolidated lungs.
The strains that were isolated from both neonates were identical and reported as yellow-pigmented
Coliform. Being abnormal that patient 2 twin brother was not affected with the pathogen given they
were nursed in the same environment, had the same treatments, and shared the same nurse with
expectations of using different incubators [19]. Due to lack of microbiological, epidemiological, and
bioinformatic evidence, the true source of infection is undetermined in this historic outbreak.

2.2. 1965: Denmark

A case is described of neonatal meningitis complicated by brain abscess and hydrocephalus.
The etiological agent was an uncommon Enterobacter morphologically similar to a strain isolated from
the spinal fluid in two cases of neonatal meningitis in 1961 at St. Albans, England [20].

2.3. 1979: Macon, Georgia

The first documented case for C. sakazakii in the United States of America was at The Medical
Center of Georgia, Macon, Georgia in 1979. A male infant who was born healthy was fed on nursery
routine formula feedings and was only 30 g lesser than normal birth weight when he was discharged
after four days of life. On day 6 of life, the patient became irritable, eating less, and was coming down
with a fever. After the temperature was taken at 38.9 ◦C, the patient was hospitalized for further
testing. The patient had a normal urinalysis, platelet count, and umbilicus had no signs of infections.
What seemed to be abnormal was the high heart rate of 192 bpm, low leukocyte count, and maintained
elevated axillary temperature. Diagnosed with possible sepsis, the patient’s blood samples were then
collected and tested positive for C. sakazakii. A combination of injections of ampicillin (75 mg every
12 h) and gentamycin (7.5 mg every 12 h) were given to the patient and blood samples were taken again.
After seeing that the blood sample isolate was susceptible to ampicillin, gentamycin was discontinued.
After six days of being in the hospital and two weeks of age, the dosage of ampicillin increased to
100 mg every 8 h. Blood samples were taken after a week of the new treatment and no C. sakazakii
could be detected. The patient seemed to be doing well and after ten more days of therapy, ampicillin
was discontinued and he was observed for another day. The patient was discharged from the hospital
and later came back for a two-month check-up with reported normal development, weight of 5120 g,
and no signs of a C. sakazakii infection [21].

2.4. 1977–1981: Netherlands

Eight infants were infected with C. sakazakii over the timeline of four years from 1977 to 1981. This
epidemic was the largest in the Netherlands to be reported. Five of the patients (1–5) were admitted
into the same hospital (A). Two of the eight patients (6 and 7) were at different hospitals (B and C)
at birth and transferred to the same initial hospital when developing symptoms of illness (D). One
patient (8) was at another hospital not related to the rest of the patients (E). Patients 6–8 were in the
same area in another part of the country from the general hospital of patients 1–5. Out of the eight
cases, only two patients, patient 1 and 8, survived [22].

2.4.1. Hospital A

Patient 1 was a male that was in good condition until he started exhibiting complications on
day 5 of life in September of 1977. He was born prematurely with a weight of 2830 g after 36 weeks
of gestation. Leading up to day 5 of life, the patient’s temperature began to rise to 38.2 ◦C which
is considered as fever in infants. Along with the raising of the temperature, leukocyte counts were
5500/mm3 and protein concentration was low from samples taken from the cerebrospinal fluid (CSF).
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The patient began treatment with ampicillin and kanamycin for 48 h. After a second CSF sample,
leukocyte counts decreased while protein and glucose concentrations were still low and the patient’s
temperature still elevated at 39 ºC. As a new treatment, gentamicin was given to the patient for
an additional 15 days and he recovered with a low leukocyte count and high protein and glucose
concentration. However, the patient was diagnosed with a severed neurological sensory development
upon recovery [22].

Patient 2 was a female in good condition until she started to show symptoms on day 3 of life in
April of 1979. Born with a weight of 2400 g after 39 weeks of gestation. Antibiotics were given to the
patient with a combination of ampicillin and kanamycin and no progress was made. Gentamicin was
then given and still no progress was made. The patient did not survive the infection [22].

Patient 3 was a female in good condition until day 3 of life. Born with a weight of 1670 g after
32 weeks of gestation, the patient was given ampicillin and gentamicin. Patient 4 was a male that was
in good condition until day 4 of life. Born with a weight of 1900 g after 32 weeks of gestation, this
patient was given ampicillin and gentamicin. Patient 5 was a female that was in good condition until
she started to exhibit complications on day 5 of life. Born with a weight of 2690 g after 38 (Full term)
weeks of gestation, the patient also received ampicillin and gentamicin [22].

2.4.2. Hospital D

Patient 6 was a male that was in good condition until the day 5 of life in February of 1978. On day
5, the patient was transferred to this hospital, he was born with the weight of 2085 g after 38 weeks
of gestation. Chloramphenicol and gentamicin were given to the patient. Patient 7 was a female
that was in good condition until she started exhibiting complications on day 5 of life in September
of 1979. Patient 7 was also transferred to hospital D. She was born prematurely with a weight of
1370 g. Two antibiotic regimens were administered for the patient, ampicillin and gentamicin, as well
as chloramphenicol and gentamicin [22].

2.4.3. Hospital E

Patient 8 was a female that was in good condition until exhibiting symptoms on day 9 of life
in April of 1979. Born weighing 850 g after 30 weeks of gestation. A combination of ampicillin and
gentamicin were given to the patient, she later survived and was diagnosed with severed neurological
sensory development [22].

2.5. 1980: Indianapolis, Indiana

Unlike previously documented episodes that the affected patients were only few days old, this
case is the first documented case where an infant was older than one month of life and did not develop
symptoms associated with C. sakazakii infection during the hospitalization or shortly after. A female
after five weeks of age develop a fever and seizure episodes was admitted to a hospital in Indianapolis,
Indiana. A cerebrospinal fluid sample (CSF) exhibited high leukocyte count (15,600 per mm3), a low
protein concentration (295 mg/dl), and very-low glucose concentration (4 mg/dl). A combination
of ampicillin (400 mg/kg every 24h) and chloramphenicol (100 mg/kg every 24 h) had begun. C.
sakazakii was isolated from the CSF samples and treatments were continued with only ampicillin.
After six days of therapy, C. sakazakii was continuing to proliferate in the serosanguinous fluid and
gentamicin (7.5 mg/kg every 24 h) was added into the treatment. On day 15, C. sakazakii continued
to persist and computed tomography (CT) showed massive ventricular dilation. The patient was
transferred to a hospital for more advanced observation and assistance, the combination of ampicillin
and gentamycin were continued. After the last positive sample of the pathogen from the patient’s
ventricular fluid, ampicillin and gentamicin were continued to be administered for 21 days. Ventricular
fluid was then tested negative 24 h after discontinuation of the antibiotics. After two months, the
patient was discharged, however, the circumference of the head continued to increase and developing
skills were severely delayed [23].
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2.6. 1981: Oklahoma City, Oklahoma

A male born from a healthy delivery was admitted into the hospital at five weeks of age from
symptoms of fever, grunting, and fatigue. The temperature was taken with a high reading of 39.2
◦C and heart rate of 180 bpm. Neurological symptoms included the absence of rooting and sucking
reflexes and incomplete Moro reflex. The CSF sample exhibited leukocyte count 2871/mm3, glucose
concentration of 46 mg/dl and protein concentration of 168 mg/dl. Along with CSF, blood and urine
samples were taken and sub-cultured to sheep blood agar and C. sakazakii was detected. Gentamicin
and ampicillin were given to the patient until the test showed the pathogen was susceptible to
ampicillin then gentamicin was discontinued. After 14 days of treatment with ampicillin, the patient
was discharged in good condition [24].

2.7. 1982: Greece

C. sakazakii was first isolated in Greece in 1982 from the fecal samples of two thalassaemic children.
Limited pieces of information were available in the reviewed citation about the cases [25].

2.8. 1984: Greece

A neonatal intensive care unit in Greece had 11 neonate-associated C. sakazakii infections reported
from September 10 to October 17, 1984. The neonates had swabs from the throat and rectum on first
or second day after admission and again after three to four days, and follow-up weekly sampling
thereafter. After strains were plated on blood agar, MacConkey’s, Chapman’s, and Sabouraud’s
agar; twenty-eight strains were identified as C. sakazakii. Along with the neonates being tested,
environmental surfaces, medical fluids in the unit, and 77 fingertips of the staff were also tested for
the presence of C. sakazakii. Isolates of C. sakazakii was not found on abiotic environmental surfaces,
medical fluids, nor the staff. Out of the 11 patients, seven survived [25].

2.9. 1986–1987: Reykjavik, Iceland

Three cases were reported in Reykjavik, Iceland of neonates contracted with C. sakazakii in
1986–1987 [26].

Case 1: A male born on March 18, 1986, after 36 weeks of gestation. He had a birth weight of
3144 g and appeared to be healthy with feeding of breast milk and powdered infant formula. On day
5 of life, the patient’s health began to deteriorate and his spinal fluid was taken for microbiological
analyses. C. sakazakii was isolated from the cultured spinal fluid sample and blood. Treatments of
ampicillin and gentamicin began immediately along with cefuroxime within 12 h. After two weeks,
cultures of C. sakazakii were still positive from ventricular fluids and chloramphenicol was added to
the treatments for two months. The patient was discharged from the hospital at three months of age
with his mental and physical development considered “markedly impaired”. At the age of two years,
the patient was diagnosed with severed neurological sensory development and quadriplegic [26].

Case 2: A male born December 14, 1986, with a weight of 2508 g had Down’s syndrome. He was
orally fed reconstituted powdered infant formula hours after his anoplasty surgery and exhibited
no health complications until day 5 of life when he started to eat poorly. Patient’s health began to
deteriorate quickly and electrocardiograms and ultrasonograms were taken. The C. sakazakii infection
was confirmed in the spinal fluid. Treatments of ampicillin and cefotaxime were not successful and the
patient did not survive. Meningitis was confirmed from the autopsy [26].

Case 3: A male of a twin was born after 38 weeks of gestation on January 6, 1987, with a weight of
3308 g, reportedly healthy and was feeding on breast milk and reconstituted powdered infant formula
until day 5. On day 6, he had a fever and his health was deteriorating quickly. Cerebrospinal fluid
(CSF) samples were taken with a high leukocyte count and C. sakazakii was isolated but the blood was
negative. Ampicillin and cefotaxime were started and health improvements were shown. The second
testing of CSF was negative for C. sakazakii and antibiotics discontinued after three weeks. He was
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discharged after one month but CT scans did show cystic cavity in the left frontal lobe. He exhibited
seizure disorder and delays in developmental areas [26].

2.10. 1988: USA

For the reported two cases, limited pieces of information were provided about the patients’
progress in the cited literature [27].

2.11. 1988: Memphis, Tennessee, USA

In March of 1988 at a neonatal intensive care unit in Memphis, Tennessee four infants, two with
bacteremia, another with a urinary tract infection, and one with bloody diarrhea had isolates of C.
sakazakii. It was found that all four infants were fed from the same infant formula batch used in a
blender. The staff’s cleaning procedure was cleaning the blender with tap water and handwashing
agents, but after being cultured a heavy growth of C. sakazakii was found on the preparation equipment.
The blender was discontinued for use until it was sterilized, after being sterilized no cultures of C.
sakazakii was detected [28].

2.12. 1989: Porto, Portugal

At a hospital in Porto, Portugal, there were 187 cases of meningitis where 15 patients were
neonatal, 79 infants, and 93 between the ages of 1–14 years. Among these cases, 15 patients died and
two out of the fifteen were infected with C. sakazakii. They both were neonates with infant formula
consumption [29].

2.13. 1990: Maryland, USA

One case was reported in the literature with limited pieces of information about the patient’s
prognosis and survival [27].

2.14. 1990: Ohio

At a children’s hospital in Cincinnati, Ohio, a 2520 g male was born of 35 weeks, exhibiting
symptoms of poor feeding, apnea, and bradycardia after day 2 of life. Blood samples were taken from
the patient and C. sakazakii was found. Ampicillin and cefotaxime were administered on day 4, CT
scans were taken and the patient was shown to have increased tension on the left side of the brain.
After three weeks of treatment, the patient showed no sign of inflammation and was discharged on
day 28. About two weeks after discharge, the patient, with reported consumption of infant formula,
was readmitted into the hospital with symptoms of poor feeding and fever. He was diagnosed with
meningitis and the antibiotics of ampicillin and cefotaxime were started again. After the treatment
cerebrospinal fluid results came back negative but after another CT scan was taken, an abscess was
found in the brain. The cyst was drained (did not tested positive for C. sakazakii), and the patient had a
resolving cerebral infraction [30].

2.15. 1993–1998: Jerusalem, Israel

At a hospital in Jerusalem from 1993–1998, four cases of neonates were infected with C. sakazakii,
the bacterium was additionally isolated from a blender used to mix and prepare infant formula [31].

Case 1: In 1993, a neonatal born in a full term and fed infant formula in the hospital tested positive
for C. sakazakii [31].

Case 2: In 1995, a healthy female born by caesarian section after 36 weeks of gestation developed
conjunctivitis, she was fed infant formula and tested positive for C. sakazakii [31].

Case 3: In 1997, C. sakazakii was found in a 6-year old boy from bone marrow transplantation for
lymphoblastic leukemia [31].
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Case 4: In 1998, a vaginally-delivered, full term female infant was admitted with a diagnosis of
meningitis which C. sakazakii was cultured from the infant’s CSF [31].

2.16. 1994: France

Thirteen cases were reported in the cited literature with limited pieces of information about the
patients’ prognosis and survival [32].

2.17. 1998: Brussels, Belgium

Between June and July of 1998, 12 cases of neonates in neonatal intensive care unit of a Hospital
were being contracted with C. sakazakii. This is the largest documented case in the history of this
pathogen infecting neonates. All 12 patients had a birth weight of <2000 g and were orally fed a
powdered infant formula before the development of neonatal necrotizing enterocolitis. Only two
patients, male twins, died from this outbreak [33].

2.18. 1999–2000: Jerusalem, Israel

In the same hospital as the previous case in Jerusalem, 2 patients contracted C. sakazakii in 1999
and 2000. Patient 1 was a female born at 27 weeks of 620 g in December of 1999. On the ninth day
of life, the infant was diagnosed with C. sakazakii infection after being fed with infant formula. The
patient responded well to cefotaxime and survived. Patient 2 was a female of 36 weeks gestation
with a weight of 2155 g. She was delivered by caesarian section because of fetal distress. Delivered 3
weeks after patient 1 in January 2000, C. sakazakii was cultured from CSF on day 4 of life. Treatments of
cefotaxime and gentamicin were given but severe damage occurred in the brain. The patient survived
and after three months was discharged with neurological problems. The infant was fed infant formula
before being infected with C. sakazakii [31].

2.19. 2000: North Carolina, USA

One case was reported in the cited literature with limited information about patient’s survival
and prognosis [27].

2.20. 2001: Knoxville, Tennessee, USA

In 2001, a neonate was born of 1276 g through a caesarean section at 33.5 weeks. Patient being
underweight at birth, intensive care was needed for the infant. Along with the low weight, the patient
had a fever, tachycardia, decreased vascular perfusion, and neurologic abnormalities at 11 days. After
another nine days, the patient passed away with a trace of C. sakazakii. This patient and 49 others were
microbiologically screened in addition to obtaining environmental samples from the infant formula and
preparation area. By the end of the screening, it was determined that the infant that died was infected
through the powdered infant formula feed and no other patient was infected [34]. It is noteworthy that
this outbreak is the first documented incidence of a manufactured lot of powdered infant formula being
intrinsically contaminated. Thus, this outbreak epidemiologically linked powdered infant formula
with Cronobacter.

2.21. 2002: Wisconsin, USA

One case was reported in the cited literature with limited pieces of information about patient’s
survival and prognosis [27].

2.22. 2002: Chandigarh, India

A female born at 34 weeks of gestation, weighing 1400 g, was re-admitted to the hospital on
July 2002. The neonate was put on oral rehydration due to respiratory problems. After day 5 of
life, the infant was put on a ventilator and developed sepsis with meningitis after development of
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grunting, episodic apnoea, chest retraction, and tachypnoea. Cerebrospinal fluid samples exhibited
a high protein concentration, low glucose concentration, and elevated leukocyte count. The infant
started an antibiotics chemotherapy of ciprofloxacin and netilmicin after a positive blood culture for C.
sakazakii. The isolate showed resistance to ciprofloxacin, cefotaxime, and ceftazidime and sensitivity to
gentamicin, amikacin, netilmicin, and co-trimoxazole. The infant did not survive the infection [35].

2.23. 2003: USA

Six neonatal cases with infant formula consumption were reported in the literature with limited
information about the diagnosis and survival of the cases [27].

2.24. 2004.: France

On October 25th, 2004, and December 7, 2004, from two different hospitals, two neonatal cases
were documented with C. sakazakii infection. Another two cases were identified at two separate
locations by a regional public health surveillance system in early December. In all episodes, there were
four cases and four hospitals involving neonates being contracted with C. sakazakii. Two of the four
patients died [36].

2.25. 2004: USA

Two cases were reported in the cited literature with limited pieces of information about the
patients’ diagnosis and prognosis [27].

2.26. 2005: USA

Two cases were reported in the referenced study with limited information about the cases’ medical
history, prognosis, and survival [27].

2.27. 2006: Chandigarh, India

In the same hospital as the last case in India, another case of C. sakazakii occurred four years
later. A two-month female infant was on breastfeed and was admitted to the hospital in July 2006
with a cough and respiratory distress. Prior to the patient’s admission, the mother had hypertension
and diabetes that required insulin; this caused the infant to suffer from jaundice on day 3 of life.
After three days of being in the hospital, the infant developed sepsis and was transferred to pediatric
intensive care. Blood cultured positive for C. sakazakii and was resistant to many of the antibiotics while
exhibited sensitivity to the ceftriaxone-sulbactam combination. Treatment with ceftriaxone-sulbactam
started with vancomycin, initially for five days. After availability of susceptibility data, only
ceftriaxone-sulbactam administration was continued for additional two weeks and stopped when the
blood culture was negative for C. sakazakii. The infant was discharged and reported afebrile [35].

2.28. 2007: Bilbao, Spain

A healthy male born 31 weeks and weighed 1715 g until day 3 of life when exhibited poor feeding.
On day 5 of life, the patient was diagnosed with sepsis and was on a combination of ceftazidime and
vancomycin. After the tenth day of treatment, an improvement was observed in clinical analytics.
The patient was fed breast milk for the duration of the hospital and after 24 days, physical examination,
serial brain scans, and psychomotor development were normal [37].

2.29. 2010: Queretaro, Mexico

In 2010, two infants were infected by C. sakazakii in a hospital in Queretaro, Mexico. The infants
who were fed infant formula developed bloody diarrhea. Antibiotics (cefotaxime and vancomycin for
case 1 and clindamycin and amikacin for case 2) were given and the two patients recovered [38].
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2.30. 2011: Missouri, Florida, Oklahoma, and Illinois, USA

In 2011, four states in the United States (Missouri, Florida, Oklahoma, and Illinois) had cases of C.
sakazakii infections. In Missouri, a 10-day old infant died from C. sakazakii, the bacterium later found in
the infant formula, bottle of nursery water, and the serving container. Immediately, a major retailer
recalled that brand of powdered infant formula from its stores nationwide on December 22, 2011.
A leading regulatory agency of the country tested factory-sealed containers of the formula and nursery
water of the same batch and no cultures of C. sakazakii were found. In Florida, an infant died of C.
sakazakii infection, however, the strain of that case could not be obtained, nor in the case in Oklahoma.
The strains from the Missouri and Illinois cases were gathered but it was not genetically related to that
which was isolated from the reconstituted powdered infant formula and nursery water [39].

2.31. 2015: Sydney, Australia

In 2015, a male infant was born prematurely after 27 weeks of gestation without any signs of
health complications. However, patient’s health suddenly deteriorated on day 10 of life and blood
cultures tested positive for C. sakazakii. After an unsuccessful antibiotic treatment with meropenem,
patient was redirected to palliation after discussion with parents and died at 11 days after birth.
C. sakazakii was isolated from breast milk expressed by a handheld breast pump that had not been
properly sterilized before use [40]. The isolates from patient’s blood and the expressed milk were
identical based on bioinformatic evidence derived from whole genome sequencing of the patient and
breast milk isolates [40].

2.32. 2016: Pennsylvania, USA

In April 2016, a female born at 26 weeks of gestation and weight of 1405 g was healthy until 21
days of life when she was diagnosed with sepsis. Samples taken from the cerebrospinal fluid and blood
showed C. sakazakii presence. Treatments of ampicillin and cefepime were given however, seizures
developed and the brain had liquefaction necrosis. The infant did not receive any powdered infant
formula, however, pasteurized donor human milk and expressed maternal milk were given during the
first week after birth. C. sakazakii was isolated from the breast pump kit and the kitchen sink drain
from the mother’s home [41].

It is noteworthy that in addition to the above-referenced episodes of infant morbidity and mortality
associated with pathogenic Cronobacter, a study of 2012 [42], have summarized 68 cases from 1958 to
2003 and 30 cases belonging to 2004 to 2010. The study had accumulated the information based on
personal communications, health records from the U.S. Centers for Disease Control and Prevention,
the U.S. Food and Drug Administration and the World Health Organization, and published records.
Since patients’ specific prognosis and condition were not provided, those studies are not included in
the current list of outbreaks. The 2012 study concludes that Cronobacter can infect both healthy term
and hospitalized preterm neonates, and further recommends use of ready-to-feed formula for infants
<2 months [42]. Differences among various types of infant formula are presented in Section 3.2 of the
current study.

3. Recommendations for Parents and Caregivers

3.1. Vulnerable Population

C. sakazakii is a pathogen found primarily in dry and dehydrated food vehicles with low water
activity, such as herbal teas, starches, and most concerning in powdered infant formula. The bacterium
usually causes no health complications in adults, while could lead to sepsis, severe meningitis, and
possible deaths in infants that are less than 12 months old [2]. Centers for Disease Control and
Prevention estimates that four to six infants are infected with C. sakazakii each year in the United States.
Although Minnesota Department of Public Health requires reporting of C. sakazakii in infants under
one year of age within one business day of positive test results [43], in other states, C. sakazakii is not a

14



Microorganisms 2019, 7, 77

reportable disease in infants nor adults, therefore almost certainly this is an underreported infection in
the United States [2]. In neonates and infants, the symptoms start with fever and poor feeding, crying,
and very low energy. In some severe cases, seizures, brain abscess, and high leukocyte counts occur,
that could lead to long-lasting brain problems such as severed neurological sensory development [2].
The disease is more prevalent in premature infants that have low birth weights and possibly diagnosed
with malnutrition such as low iron. Though very rare, C. sakazakii could also infect people of all
ages, it is typically more severe for the elderly. Immunocompromised individuals including cancer
patients, those having HIV and organ transplants are the adults who are more susceptible to C. sakazakii
infection. Diagnosis of C. sakazakii infection is through blood sampling and usually followed by testing
the cerebrospinal fluid for leukocyte count, glucose and protein concentration, and other special testing
with the brain [2].

3.2. Infant Formula Manufacturing and Common Exposure Routes of C. sakazakii

The transmission of C. sakazakii is widely associated with reconstituted powdered infant formula.
Micronutrients used in the formulation of powdered infant formula are heat-labile, therefore, it must
be added after the pasteurization/heat treatment to keep the nutritional value in compliance with
regulatory standards [10]. Infant formula is designed as a substitution for breastfeeding to mimic the
nutritional properties of breast milk. Despite assumptions of many new parents, due to considerable
compositional differences, cow’s milk could not be utilized for feeding newborns, making the infant
formula the only practical alternative to breastfeeding. There are three commercially available sources
of infant formula: (1) Powdered formula, the least expensive and most popular, and must be mixed
with water; (2) liquid concentrate, which must be mixed with an equal amount of water; and (3)
ready-to-feed products that are the most expensive products and require no mixing with additional
liquids [44].

The manufacturing processing of each of these infant formulas is different. For powdered infant
formula, it undergoes two processes, dry-blend, and wet-blend spray drying. Dry blending to produce
powdered infant formula is practiced by many firms in at least 40–50 processing plants worldwide [45].
The process begins with ingredients that have been tested for microbiological contamination and
blended in large batches until nutrients/ingredients are distributed uniformly in a batch. It is then
passed through sifters to remove oversized particles and other extraneous materials. The sifted product
is then transferred to bags, totes, or lined fiberboard drums for storage. For canning the powdered
infant formula prior to release to the market, it is flushed with inert gas, sealed, labeled, coded,
and packaged into cartons. The packed product then undergoes a final check for microbiological
contaminants. The ingredients that are used for this processing method are in dehydrated powdered
form tested by the supplier(s). Since this process does not require extensive thermal processing, it
is very critical that microbiological testing is conducted as well as working with reputable suppliers
with validated food safety management plans in place [45]. Microbiological contamination might be
present in low amounts, distributed heterogeneously and, thus, may be difficult to detect in random
lot testing alone.

Wet blend-spray drying is another method to produce powdered infant formula. This process also
begins with ingredients from suppliers that have been tested then it goes through pasteurization where
the destruction of microbial cells will occur due to a thermal treatment in a relatively short amount
of time. Next is homogenization, where the size of fat and oil particles are being reduced to have a
uniform mixture, some companies may do this step before pasteurization [45]. Since powdered infant
formula is designed to mimic the nutritional properties of breast milk, heat-sensitive micronutrients,
such as vitamins, amino acids, and fatty acids, are then added after pasteurization where they will
otherwise become inactivated/denatured by intensive heat. The mixture may now pass through an
evaporator that is heated up to 62–77 ◦C and transferred through a high-pressure pump to spray
dryer nozzles or cooled for storage, then reheated, and pumped directly to the spray dryer. As the
mixture passes through the nozzles of the spray dryer, the water is evaporated and dry powder is
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created at the bottom of the spray dryer ranging in temperature typically from 73–79 ◦C. It is then
cooled by a stream of chilled filtered air and passed through a sifter for packaging. It is also checked a
final time for microbiological contaminants through random sampling. One disadvantage with wet
blending followed spray drying is that it contains water in its processing and has a higher chance of the
proliferation of pathogenic or spoilage bacteria. Liquid concentrate and ready-to-feed infant formula
are similarly processed, then pasteurized using ultra-high temperatures (UHT) [46]. For these products,
in short, first, the ingredients from suppliers are mixed together then skim milk is added at 60 ◦C, then
fats, oils, and emulsifiers. During the formulation of this mixture, minerals, vitamins, and stabilizing
gums are then added at various points due to sensitivity to heat. Next is pasteurization through heat
exchange plates at a high temperature, typically from 85–94 ◦C for a short time of 30 seconds [46].
Homogenization is next for a uniform mixture followed by standardization of the correct parameters
for pH, fat content, vitamins, and minerals. The last stage is packaging into containers followed by
sterilization with heat. The main difference between liquid concentrate formulas and the ready-to-feed
formulas is the amount of water required to be added during the preparation of the product. Liquid
concentrated and ready-to-feed infant formulas are safer to use due to the existence of high-heat
pasteurization and/or sterilization relative to powdered infant formula, however, it is typically more
expensive [46].

In summary, addition of heat sensitive ingredients to improve nutritional value of the formula
and meeting the strict nutritional regulatory requirement and difficulties in pasteurizing/sterilizing a
product in powdered form are main concerns for safe production of infant formula. Other transmission
routes of C. sakazakii to infants can be associated with the preparation methods at home or care settings.
C. sakazakii can affect infants by contaminated bottles, nipples, scoops, and other utensils not being
properly cleaned as well as hands not being washed properly. Hospitals and other healthcare facilities,
such as day cares, are at greater risks due to a high volume of infants and infant formula used. If not
cared properly, children who are breastfed and drink from pre-pumped milk could also be infected
with C. sakazakii if cross-contamination occurs from improperly sanitized breast milk pumps [41].

3.3. Importance of Breastfeeding in Prevention of C. sakazakii Infections

Both Centers for Disease Control and Prevention (CDC) as well as the World Health Organization
(WHO) indicate the leading preventive measure for C. sakazakii infection in infants is breastfeeding.
According to the CDC breastfeeding data, 82.5% of mothers at the beginning of birth breastfeed
alone and this percentage decreased to only 24.9% of mothers who continue to breastfeed with no
infant formula for their infants after six months of age. Additionally, 55.3% of mothers continue
to breastfeed as well as use infant formula after the infant was six months of age [47]. One main
reason parents choose infant formula is due to malnutrition in their child. Breastfeeding is a natural
way to prevent undernutrition as well as infectious conditions, such as diarrhea and pneumonia
in infants [48]. In addition, epidemiological study indicates mothers who breastfeed might have
decreased chances of type II diabetes, depression and breast and ovarian cancers later on in life [48].
Ways to stretch breastmilk is to use breast pumps and pre-storing milk in the freezer. This is great for
busy mothers and those who have others watching their child. To ensure safety with pre-pumped
breastmilk, the breast pump should be washed and sterilized after every use [48]. Getting the correct
storage container such as a freezer bag is a great way to store breast milk. Labeling and dating is also
good practice to know exactly when the milk was expressed. Good hygiene is also recommended to
safely store breastmilk. One of the biggest problems with breastfeeding is the support from family,
friends, co-workers, and the hospital. For co-workers and in a workplace setting, paid maternity
leaves is required. Designating an area for breastfeeding if the mother decides to bring the child to
work is highly recommended [49]. Despite demonstrated health benefits, and although a low rate of
breastfeeding adds as high as $2.2 billion a year to medical costs in the United States, according to
Centers for Disease Control and Prevention, most US hospital do not fully support breastfeeding [50].
Once the mother starts on durations of infant formula, it is harder for the mother to get back into a
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habit of breastfeeding exclusively. At the six month mark, infants are ready for solid food and can
start eating products such as infant cereal and pureed vegetables [51]. Mothers with HIV who want to
breastfeed are recommended to take antiretroviral treatment to reduce the chances of transferring the
infections to their child. Another option is obtaining donated or purchasing expressed breastmilk from
mothers who are willing to help. There is a process that the donating mothers must go through. First,
an application has to be filled out and sent to the company one wish to donate their milk for medical
confirmations. Second, a test kit will be sent to the mother and a series of tests with their milk have
to be conducted. If screening requirements are passed, then a nurse will be invited into the home for
blood testing and other testings that may require a nurse’s assistant. If the medical tests are passed,
then the mother could begin to label, filling, freezing, and packaging their breast milk. When arrived
at the company, it is important to have the breastmilk still frozen after transportation. Further tests are
then conducted then the milk is stored in the freezer until use [52].

3.4. Preventive Measures during the Use of Infant Formula for Reducing Risk of C. sakazakii Infections

As stated before, during powdered infant formula manufacturing, companies must add some of
the nutrients (vitamins, minerals, amino acids, and fatty acids) after sterilization to avoid denaturation,
thus, powdered infant formula is a non-sterile product. This is where pathogenic bacteria, such as C.
sakazakii can be introduced into the infant formula. Typically microbiological sampling is conducted
in a manufacturing facility, however C. sakazakii has the chance of presence in small quantities of a
large batch of the powdered infant formula with heterogeneous distribution. Thus, sampling alone
does not necessarily assure the safety of the product. Since powdered infant formula is the cheapest
and most abundant form of infant formula, it is the most bought and used by parents, hospitals, care
centers, and other healthcare facilities [45]. For the preparation of this product, hands must be washed
before, during, and after preparing powdered infant formula mix [53]. If soap and clean water are not
available, then using a sanitizer that is more than at least 60% alcohol can be used as a replacement [53].
The World Health Organization has specific instructions for the preparation of powdered infant
formula in care settings and in the home [54]. Since in care settings there are high volumes of infants
and many packages of powdered infant formulas might be in use, the recommendations are on a
larger scale than those in the home setting. When preparing infant formula, the preparation area
would need to be cleaned and disinfected due to the potential presence of microbial pathogens on
abiotic surfaces including C. sakazakii [54]. Next is to boil a generous amount of water, relevant to
the number of infants going to be fed. This eliminates all bacterial microorganisms in planktonic
form. Feeding bottles are also not sterile and must be boiled before use. Microwaving should not be
used when preparing powdered infant formula. Then the water would need to be cooled slightly but
not under 70 ◦C, then the proper amount of formula could be added to clean and sterilized feeding
cups or bottles. If using a larger container, it should not exceed over 1 L [54]. For mixing, bottles can
be shaken to fully mix the water and powdered infant formula, feeding cups can be stirred with a
pre-sterilized spoon, and large containers can be stored with spoons but has to be distributed to its
respective containers immediately to avoid scalds for infants [54]. In a care setting, bottles then would
need to be labeled with infant’s name, type of formula, or ID, as well as the time and date prepared
and the preparer’s name to assure traceability is possible in case of contamination occurrence. If
intending to prepare powdered infant formula for later use, it is best to prepare new batches of feeding
every time and to eliminate leftovers. Leftover feed is suggested to be thrown away and especially
not to be used if stored more than two hours at room temperature [54]. However, it can be stored
in a sealed container in the refrigerator for up to 24 h. To re-warm stored infant formula, a separate
container filled with boiled water could be used to place the bottle or feeding cup inside to evenly
warm up the reconstituted product without damaging the micronutrients. Recommendation for the
home setting is similar to the care setting facilities on a smaller scale [55]. Hands must be washed
properly, equipment being used for preparation must be cleaned with hot soapy water and be scrubbed
inside and outside of the bottle, then rinsed thoroughly. Sterilizing equipment is also recommended
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to eliminate pathogenic microorganisms. For sterilization, a large pan with water could be used to
place equipment inside of the pan filled with water, covering the pan, and to bring the content to a boil.
Similar to a recommendation for the care setting, the recommended amount could be poured to water
with the temperature not under 70 ◦C. The bottles then could be shaken or swirled gently. The bottle
content temperature could be tested on the skin to ensure that it is warm and not too hot for feeding
the infant. If it hasn’t been used in two hours at room temperature or more, prepared infant formula
would need to be discarded [55]. When transporting the prepared milk, the product would need to
be kept cold during transportation to slow down or stop the multiplication of potentially pathogenic
bacteria. In other cases, where there is no access to boiling water or preparation of powdered infant
formula cannot be made at the time, it is recommended to use ready-to-feed infant formula. It is sterile
from the processing manufacturing and ready to use without any additional ingredients [45].

4. Fate and Multiplication of C. sakazakii on Biotic Surfaces

As previously discussed, C. sakazakii is a Gram-negative, facultatively anaerobic, non-sporulating,
motile rod-shaped bacterium and is a member of the Enterobacteriaceae family. C. sakazakii multiplies
between temperatures of 6–45 ◦C with an optimum temperature of 37–43 ◦C. It could survive and/or
proliferate in water activity levels ranging from 0.30 to 0.83 [9]. The bacterium is widely associated with
powdered infant formula from many outbreaks [19,22,26] as previously articulated, thus, powdered
infant formula is the essential biotic reservoir of public health concern for C. sakazakii. According to the
United States Department of Agriculture National Nutrient Database [56], a typical powdered infant
formula has a protein content of 1.02g/scoop, total lipid of 2.35 g/scoop, carbohydrates 4.86 g/scoop,
seven minerals: calcium, iron, magnesium, phosphorus, potassium, sodium, and zinc; and 13 vitamins:
Vitamin C, B-6, B-12, A (RAE), A (IU), E, D (D2 + D3), K, thiamin, riboflavin, niacin, and folate [56].
Since all powdered infant formula has to follow the same guidelines for nutritional value by the Food
and Drug Administration, all powdered infant formulas are nearly identical in formulation unless
specified for premature or low iron infants [9].

4.1. Fate and Multiplication of C. sakazakii as Affected by Temperature

From the 1980s to the present time, there are several studies on determining the fate and
multiplication of C. sakazakii. Strains of C. sakazakii isolated from clinical, food, and/or environment
could be used for various microbiological challenge studies. In 1980, researchers delineated the
multiplication rate of the pathogen using strains sent to the CDC from patients and one from an
unopened can of dried milk. Of the 57 strains used in their experiment, all grew at 25, 36, and 45 ◦C
and 50 of the strains grew at 47 ◦C [57]. It was noted that none of the strains grew at 4 or 50 ◦C.
The pathogen grew in presence of D-glucose without added nutrients such as vitamins, minerals, or
amino acids. Additionally, the researchers grew the pathogen in aerobic and anaerobic environments.
The strains were monitored on tryptic soy agar and all strains grew on the agar at 36 ◦C after 24 h. The
strains produced bright yellow colonies on the agar, known as a typical characteristic of C. sakazakii
today. It is noteworthy that this pigmentation alone should not be considered as a species criterion [5].

The growth of C. sakazakii in broth was monitored in tryptic soy broth and all strains of
C. sakazakii produced large amounts of sediments. The biochemical reactions of the 57 strains were also
conducted [57].

4.2. Survival Rate

A study published in 1997 shows the survival and multiplication of C. sakazakii in powdered
infant formula and on Brain Heart Infusion (BHI) medium, as well as the incidence of C. sakazakii
being present in a Canadian supermarket purchase of one of the popular powdered infant formula
brands [58]. Ten strains of C. sakazakii, five clinical and five food isolates, were used for this experiment.
The minimum growth temperature was 5.5 ◦C for one clinical strain and two food strains on BHI
broth, the study also indicated that none of the remaining strains grew under 5.5 ◦C. In powdered
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infant formula, the lag time at 10 ◦C for the formula that contained the food strain (19 h) was less
than the formula with the clinical strain (47 h). For generation time at 10 ◦C, it ranged from 4.18
to 5.52 h with the formula inoculated with the clinical strain exhibiting the longer time. At 23 ◦C,
the mean generation time was 0.67 h. With generation time of 0.67 h at room temperature, it is
evident that leaving reconstituted infant formula on countertops or traveling with it without proper
refrigeration could potentially increase the risk of C. sakazakii infection. After testing 120 powdered
infant formulas in a Canadian supermarket, the researchers also observed a 6.7% presence of C. sakazakii
in the market [58].

In a later study, published in 2006, the objective was to prevent the multiplication of C. sakazakii
in media and powdered infant formula using bacteriophages [59]. Bacteriophages are viruses that
infect bacteria. There are now exploratory studies proposing the use of bacteriophages to control
foodborne bacterial pathogens and spoilage bacteria in live animals, meat, dairy products, seafood,
and fresh produce [35]. A total of six C. sakazakii strains were used, one clinical and five food isolates,
and were incubated in powdered infant formula and BHI at 12, 24, and 37 ◦C. The C. sakazakii
bacteriophages were prepared from an environmental water sample (centrifuged and sterilized) with
an equal amount of BHI, mixed and incubated overnight at 24 ◦C. Then, against the six C. sakazakii
strains, five bacteriophages were used. For the powdered infant formula, C. sakazakii bacteriophages
at 37 ◦C, the clinical strain showed a decrease in multiplication starting at 2 h and at 24 ◦C. At 12
◦C, it was not significantly different compared to the control. For the food strain in powdered infant
formula, the results were similar at 12 ◦C as for the clinical strain but at 24 and 37 ◦C they were both
reduced by one log immediately at 2 h and one strain continued to be at its detection limit for the
duration of 2–10 h. This exploratory study showed with the correct temperature and bacteriophage
concentration, the inactivation of C. sakazakii could be achieved. The most effective reduction was at
the highest bacteriophage concentration of 109 at any incubation temperatures of 12, 24, or 37 ◦C [35].

4.3. Water Activity

Water activity (Aw) is the measurement associated with the availability of water in biological
setting and relates to water presence in the food in free form [9]. Water activity could range from 0.1 to
0.99 in foods. In powdered infant formula, the Aw can start at 0.20 depending on the added nutrients
and differing for soy or milk based products. C. sakazakii could survive in powdered infant formula for
two years at low Aw [60,61]. In a study by Joshua B. Gurtler et al., an experiment was conducted to see
the survival rate of C. sakazakii in soy-based and milk-based powdered infant formulas at various Aw

ranging from 0.25 to 0.86 at 4, 21, and 30 ◦C for 12 months [62]. There were 10 C. sakazakii strains used:
five clinical, four food, and one environmental isolate; a total of six powdered infant formulas were
used (four milk-based and two soy-based) and water activity divided into two categories of low Aw of
0.25–0.50 and high Aw 0.43–0.86. The Aw was adjusted by adding amounts of saturated salt solutions
to lower or raise the Aw. In high Aw infant formula, the rate of inactivation of C. sakazakii increased
as the storage temperature increased. This study notes that augmenting the pathogen inactivation
is possible with the increase of Aw and temperature during storage. This study also states that the
clinical strains survived longer than the food strains in powdered infant formulas at high Aw [62].

4.4. Thermal Inactivation

Thermal inactivation validation studies are conducted to determine the highest temperature a
pathogen can withstand. When heat treatment is applied, the decimal reduction time, D-value, could
be calculated. If at a specific temperature the pathogen is being reduced, it could be reported in the
context of 1 log reduction or 90% deactivation. This is where one could mathematically assimilate if
the pathogen is being reduced over a course of treatment. A study published in 2003 delineates that
C. sakazakii is not thermotolerant, but resistant to osmotic stress and drying [63]. The temperatures used
for heat treatment for the 22 C. sakazakii strains were at 53, 54, 56, or 58 ◦C at different time intervals in
a water bath. After heat treatments, the samples were immediately cooled in iced water for 1 min and
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then enumerated to see the heat treatment results. For the preparation of dry stressed strains, plates
of C. sakazakii were kept without a lid in a 25 ◦C incubator for air-drying. This was monitored for 46
days for C. sakazakii survival after air-drying. All 22 C. sakazakii strains multiplied in 47 ◦C BHI broth.
For heat resistant phenotype, the D-value at 58 ◦C in phosphate buffer pH of 7 had a mean value of
0.48 min and in reconstituted infant formula it did not have a significant difference. For resistance to
dry stress, C. sakazakii at 25 ◦C was decreased by 1–1.5 log unit after 46 days. This study concludes
that relative to many other members of the Enterobacteriaceae family, C. sakazakii appears to be more
resistant to osmotic and dry stress [63].

5. Survival and Biofilm Formation on Abiotic Surfaces

C. sakazakii has not only been reported to survive on various biotic surfaces, such as infant
formulas, fruits, vegetables, or human intestines, but also on abiotic surfaces, such as stainless steel
and polyester plastic. The pathogen is also capable of forming a sessile community of bacterial
biofilms on both biotic and abiotic environments. Specifically, the bacterium is capable of forming
a polyanionic extracellular polysaccharide also known as ESP [9]. Study of Kumar et al. delineates
the process of biofilm formation into three parts: conditioning of a surface, adhesion of cells, and
formation of microcolonies. Within the food industry, surfaces of equipment can be coated with
nutrients from the food product enhancing the biofilm formation of the pathogen [64]. Adhesion is in
two stages, reversible adhesion followed by an irreversible adhesion. The former starts with weak
interactions within the bacterial cells and the substratum. The ability to maintain levels of the van
der Walls attraction forces, electrostatic forces and hydrophobic interactions determines the next stage
to irreversible adhesion. Irreversible adhesion is a repulsive force that prevents the bacterial cells
and the biofilm community from disassociation from the surface. The next stage will be formation
of a microcolony where the irreversibly-attached cells are dividing. This formation of microcolony
begins the formation of a visual thick layer of organisms formed on abiotic surfaces. ESP is also being
produced for a firmer attachment to the abiotic surfaces [64].

One of the main surfaces of concern for C. sakazakii infection is the feeding tubes of neonates after
being fed reconstituted powdered infant formula. In a study by Hurrell et al., biofilm formation was
conducted on enteral feeding tubes [65]. Twelve strains of C. sakazakii were used in this study from
various patients, infant formulas, enteral feeding tubes, and raw materials. The tubing materials that
were selected were polyvinyl chloride (PVC) and polyurethane (PU). The pathogen was inoculated
into powdered infant formula and incubated overnight at 37 ◦C and then diluted after 18 h. This
cocktail was then aseptically syringed through the tubes to observe the biofilm formation in two-hour
intervals. As a result, 5 strains of C. sakazakii produced biofilm mass with a density of 108 to 1010

CFU/mL. One strain was from a patient, three from powdered infant formula, and one from an enteral
feeding tube. The doubling time for the C. sakazakii strains isolated from the enteral feeding tubes was
between 22–27 min [65].

Another study with biofilm formation on enteral feeding tubes utilized clinical, food, and
environmental isolates [66]. Sterile feeding tubes were used and the tubes were inoculated with
C. sakazakii. For biofilm formation, the tubes were incubated at 4 ◦C for 24 h and then rinsed and
submerged in phosphate-buffered saline. Next, it was divided into two groups monitored for a course
of 10 days: 2, 4, 6, 8, and 10 days at 12 ◦C and 1, 2, 4, 6, 8, and 10 days at 25 ◦C. The results show
attachment and growth of sessile cells were similar among the strains used. The multiplication rates
were much higher at 25 ◦C than 12 ◦C by 3–4 logs, however, in both temperatures the rate was constant
over the course of ten days showing no significant differences. Along with feeding tubes, other plastic
surfaces are crucial such as bottles and other equipment [66].

In another study, biofilm formation on plastic surfaces was investigated. Four strains of C. sakazakii
were used from the American Type Culture Collection (ATCC). For biofilm formation, plastic microtiter
plates were used [67]. The plates were inoculated with C. sakazakii and incubated for 24 h at 37 ◦C. The
plates were rinsed with distilled water and then submerged with methanol for 15 min. Crystal violet
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was used to visualize pathogenic growth on the plastic microtiter plates. The results show that out of
the four strains used in this experiment, not all produced biofilms in artificial media alone. For biofilm
formation on plastic surfaces, 13.9% populated in Brain Heart Infusion and tryptic soy broth mixture
and 6.9% populated in nutrient broth [67].

6. Current Decontamination Strategies

6.1. Disinfectants to Eliminate Biofilm Attachment

Various validated antimicrobial agents could be used for inactivation of C. sakazakii from biotic
surfaces associated with production and preparation of infant formula as well as feeding tubes and
equipment in hospitals [9]. Just like decontamination of other microbial pathogens, cleaning alone
may lead to modest reductions in removal of a pathogen [68]. To ensure that pathogens are eliminated
or reduced to a microbiologically acceptable level, validated sanitation is recommended directly after
cleaning. Sanitation could be achieved by physical means such as heated water, UV radiation, or
could be achieved using chemical agents such as chlorine-based, iodophors, quaternary ammonium
compound sanitizers, and hydrogen peroxide [9].

In general, chlorine-based sanitizers could be very effective against planktonic cells of bacteria,
yeast, and molds. Similarly, iodophors are effective against Gram-positive and Gram-negative
bacteria, bacterial spores, viruses, and fungi. Quaternary ammonium compounds are also known
as an efficacious sanitizer due to their ability to clean and to sanitize surfaces against an array of
microorganisms at acidic pH and higher temperatures. Hydrogen peroxide is also a very effective
antimicrobial against planktonic bacterial cells, spores, and viruses [9].

In the study of Kim et al., the objective was to see the effectiveness of disinfectants in eliminating
C. sakazakii [69]. Due to widespread use in infant formula preparation areas, laboratories and hospitals,
food services, and child day care settings, quaternary ammonium and phenolic disinfectants were
evaluated in their study. Overall, 13 disinfectants were studied in their investigation from various
suppliers against biofilm formation of C. sakazakii on stainless steel. This experiment was evaluated
with two strains of C. sakazakii studying biofilm formation on stainless steel at days 6 and 12 as
well as the treatment times of 0, 1, 5, and 10 min for submersion in disinfectants. For quaternary
ammonium compound-based disinfectant, C. sakazakii was reduced to less than 0.30 log CFU/mL
within 1 min of submerging into the sanitizer. The quaternary ammonium compound-based sanitizer
applied as a spray product were, however, showed only modest reductions. Another effective sanitizer,
peroxyacetic acid/hydrogen peroxide, resulted in a log reduction of >2.4 log CFU when applied
for 10 min. This study shows that quaternary ammonium compound-based and peroxyacetic acid
sanitizers could be very effective for inactivation of the pathogen in planktonic and biofilm stages
if used at optimized conditions. Our recent studies, however, indicate that previously validated
sanitizers against planktonic cells might not be able to completely eliminate one- and two-week mature
biofilms from stainless steel [70,71]. Thus, commercial adoption of a cleaning and sanitizing program
requires careful consideration of existing literature and conduct of microbiological validation studies
against sessile and planktonic cells for specific intrinsic and extrinsic conditions of a product and
processing area.

6.2. Thermal Inactivation

Thermal inactivation could be an efficacious method for decontamination of C. sakazakii from biotic
and abiotic surfaces. As briefly introduced in Section 6.1, elevated heat could be used as a physical
mean for decontamination of significant surfaces associated with the production, manufacturing, and
preparation of infant formula. It could be utilized as a processing aid for assuring the safety of the
product, through high temperature short time (HTST) pasteurization. Decontamination of C. sakazakii
could typically be achieved at temperatures 70 ◦C or higher [72]. In a study, twelve strains were used
in reconstituted infant formula prepared based on manufacture’s instruction, then 15 mL of infant
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formula was inoculated with 1.5 mL of C. sakazakii and injected into the heating coil apparatus at
set temperatures of 58 ◦C [72]. After being in contact with the controlled heat, the samples were
immediately placed on ice to discontinue further heat decontamination. The temperature 58 ◦C
was the set point for z- and D-values to be calculated followed by treatments at temperatures of 56,
60, 65, and 70 ◦C. The study concluded that to fully inactivate a heat-resistant strain of C. sakazakii,
temperatures of 70 ◦C or greater are needed. This elevated temperature could lead to nutrient loss
and unwanted changes in organoleptic properties of infant formula [72], thus preservation of heat
labile micronutrients is considered as a major curtailment for successful implementation of sterilization
or pasteurization of powdered infant formula from C. sakazakii in commercial manufacturing. This
indicates the need for innovative and emerging technologies [70].

6.3. High-Pressure Processing

High-pressure processing (HPP) or high hydrostatic pressure (HHP), is a non-thermal method
involving pressurization of a packaged food in a water-filled closed chamber, for a short duration to
inactivate microorganisms [9]. The technology popularity in private industry is gaining momentum in
recent years with purchase rates reaching nearly 200 units around the world [73]. Beneficiary aspects
of using HPP is the preservation of the color, flavor, freshness and physical properties of foods with
minimal damages to nutritional values [74]. The HPP machines can have low to high pressures ranging
from <100 to 1000 MPa [75]. According to the National Advisory Committee on Microbiological
Criteria for Foods, pasteurization that had been traditionally known as a heat-based intervention
is now redefined and HPP is a part of pasteurization definition as a non-thermal pasteurization
method [73].

In a study by Arroyo et al., four strains of C. sakazakii were used, exposed to elevated hydrostatic
pressures ranging from 200 to 600 MPa and for 0 to 10 min [76]. This study also investigated four food
vehicles for inoculation: orange juice, chicken soup, vegetable soup, and rehydrated powdered milk.
In all food vehicles, the most pressure-resistant strain showed around 3 log reductions at 500 MPa,
reaching the study detection limit. The study results indicated utilization of elevated hydrostatic
pressure could eliminate the pathogen from biotic surfaces, it also articulates that various isolates of
C. sakazakii could exhibit considerably different sensitivity to hydrostatic pressure [76]. Our recent
studies also exhibit that various phenotypes of C. sakazakii, such as rifampicin-resistant variants and
pressure-stressed isolates could be inactivated by over 5 logs, using elevated hydrostatic pressure of
up to 380 MPa, in rates that are comparable with wild-type isolates [70]. Effects of hydrostatic pressure
on retention of heat liable micro and macronutrients of infant formula is currently a knowledge gap of
literature and could be considered as the main curtailment for widespread adoption of high-pressure
processing in infant formula manufacturing.

It is noteworthy that, in addition to pressure-based interventions, an array of emerging and
re-emerging technologies such as utilization of ohmic, microwave, radio frequency, ultrasonic, or
infrared heat; pulsed X-rays; pulsed electric field; and oscillating magnetic field could potentially
exhibit promising applications for microbiologically efficacious and economically feasible treatment
of infant formula against planktonic cells and biofilms of C. sakazakii. These exploratory applications
require microbial challenge and safety validation studies as well as feasibility assessments. As an
example, mild temperature of up to 50 ºC coupled with an ultrasonic treatment at amplitude of up to 61
μm, could yield microbiological reductions comparable to traditional heat treatments for inactivation
of C. sakazakii [77].

7. Conclusions

There have been a few recent outbreaks and sporadic cases of C. sakazakii infections in the country
and around the world associated with infant mortality and morbidity. This is almost certainly an
underestimation of the public health burden of the pathogen since unlike the vast majority of main
foodborne pathogens, C. sakazakii infections are not currently a reportable disease in nearly all states.
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Strict regulatory standards for nutritional quality of powdered infant formula and heat sensitivity
of micronutrient additives of the product lead to the need to addition of the heat-labile ingredients
of the formula after heat treatment that creates a potential route of contamination of the product
with this bacterium. The ability of this bacterium to survive osmotic stress and low water activity
environments for as long as two years, further provides an acceleration in the likelihood of this disease
occurrence in the vulnerable population. The C. sakazakii has the potential to survive and persist on
various biotic and abiotic surfaces such as preparation area in healthcare facilities and form biofilm
communities that are more resistant to antimicrobial interventions. These characteristics add another
layer of complexity for elimination and prevention of C. sakazakii from the manufacturing facilities,
hospitals, and domestic environments. Considering the nature of contamination of products in food
manufacturing that is mostly heterogeneous in nature as a fraction of larger batches, sampling alone
could not assure the safety of infant formula and could lead to false sense of security for manufacturers.
Use of supplier’s chain verification programs, relying on food safety management system such as
those articulated in Food Safety Modernization Act or Hazard Analysis Critical Control Point-based
regulations, as well as the use of emerging and validated technologies such as utilization of elevated
hydrostatic pressure could assure the safety of the infants and powdered infant formula products.
Following the articulated recommendations for the preparation of reconstituted infant formula in
healthcare and domestic settings, and reliance on breastfeeding when medically possible are the main
preventive approaches that could be implemented by parents and healthcare providers to minimize
the risk of infection with this opportunistic bacterium.
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Abstract: The current study investigated synergism of elevated hydrostatic pressure, habituation, mild
heat, and antimicrobials for inactivation of O157 and non-O157 serogroups of Shiga toxin-producing
Escherichia coli. Various times at a pressure intensity level of 450 MPa were investigated at 4 and
45 ◦C with and without carvacrol, and caprylic acid before and after three-day aerobic habituation
in blueberry juice. Experiments were conducted in three biologically independent repetitions each
consist of two replications and were statistically analyzed as a randomized complete block design
study using ANOVA followed by Tukey- and Dunnett’s-adjusted mean separations. Under the
condition of this experiment, habituation of the microbial pathogen played an influential (p < 0.05) role
on inactivation rate of the pathogen. As an example, O157 and non-O157 serogroups were reduced
(p < 0.05) by 1.4 and 1.6 Log CFU/mL after a 450 MPa treatment at 4 ◦C for seven min, respectively,
before habituation. The corresponding log reductions (p < 0.05) after three-day aerobic habituation
were: 2.6, and 3.3, respectively at 4 ◦C. Carvacrol and caprylic acid addition both augmented the
pressure-based decontamination efficacy. As an example, Escherichia coli O157 were reduced (p < 0.05)
by 2.6 and 4.2 log CFU/mL after a seven-min treatment at 450 MPa without, and with presence of
0.5% carvacrol, respectively, at 4 ◦C.

Keywords: Shiga toxin-producing Escherichia coli; habituation; carvacrol; caprylic acid;
high-pressure pasteurization

1. Introduction

The 2015–2020 dietary guidelines of the United States Department of Agriculture recommends an
increase in consumption of fruits and vegetables [1]. Over the last two decades, consumption of fresh
and processed produce has also been increasing [2]. Contamination of plant-based products prior
to consumption is practically unavoidable due to the ubiquitous nature of microbial pathogens and
complexity of producing and processing operations [3,4], leading to an array of health and economic
complications such as foodborne illnesses, hospitalizations, and death episodes, as well as recalls of
food products and foodborne disease outbreaks [4–6].

Contamination with Escherichia coli O157:H7 and non-O157 serogroups of Shiga toxin-producing
E. coli are one of the leading concerns of foodborne illnesses linked with muscle- and plant-based
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foods [7–9]. In addition to the Shiga toxin-producing E. coli O157:H7 (STEC) that has historically
been linked to an array of food recalls and outbreaks since 1990s [9], non-O157 serogroups of Shiga
toxin-producing E. coli (nSTEC) have been gaining increasing public health significance recently due to
their emergence in food chain [9,10]. The serogroups O26, O45, O103, O111, O121, and O145 (also
known as the ‘Big Six’) are considered as the most epidemiologically significant foodborne serogroups
of public health concern among nSTEC [11,12].

Data derived from active surveillance programs of Centers for Disease Control and Prevention [13]
indicates that in the United States 3704 and 1579 laboratory confirmed cases occur annually associated
with STEC and nSTEC, respectively [13]. It is further estimated that every year in the United States,
STEC and nSTEC are responsible for 63,153 and 112,752 domestic foodborne infections, respectively.
Among these cases, 68% of STEC and 82% of nSTEC cases are foodborne in nature [5]. From 1998 to
2017, at least 590 foodborne outbreaks in the United Sates, including 14 foodborne outbreaks in the
state of Tennessee were associated with STEC and/or nSTEC [13].

Although acidification or use of acidic foods are commonly associated with limited multiplication of
microorganisms [14], microbial pathogens could survive and proliferate under acidic conditions [15–17].
Particularly, STEC had been involved in several outbreaks of foodborne diseases in different acidic
foods, for example: yoghurt [18], mayonnaise [19] and apple cider [20]. It is also observed that acid
adaptation can enhance STEC ability to survive in acidic juices for example in asparagus juice (pH = 3.6)
and in mango juice (pH = 3.2) [21]. As an indigenous fruit crop of North America, blueberries have
particularly low pH [22], have been associated with a seven-month STEC outbreak in Massachusetts [13],
and thus, could be used as a model for investigating validation studies against STEC and nSTEC in
acidic environment.

A viable alternative for pasteurization of products in manufacturing is application of elevated
hydrostatic pressure [23]. Unlike traditional thermal processing methods that are typically associated
with undesirable physiochemical and organoleptic changes in treated products [24], pressure-based
pasteurization could be utilized for assuring safety of the products while minimally affecting their
sensory and nutritional composition [25,26]. A pressure-based pasteurization could utilizes hydrostatic
pressure of 100 to 1000 MPa, pressure-intensity level of around 600 MPa (87 K PSI) for about three min
are currently the most common treatment in the private industry [27]. The main challenge for further
adaption of pressure-based pasteurization treatments is slightly higher processing costs associated with
the technology, thus, application of pressure treatments at intensity levels below 600 MPa, augmented
with mild heat and natural antimicrobials could be a desirable approach for the food industry [27].

Caprylic acid is an eight-carbon fatty acid, which could be naturally found in several foods
(coconut oil, bovine milk, palm oil, etc.) and is Generally Recognized as Safe by the U.S., Food and Drug
Administration as a food additive [28,29]. Caprylic acid (C8H16O2) could be an effective antimicrobial
compound against Gram-negative and Gram-positive foodborne pathogens such as E. coli O157: H7,
Listeria monocytogenes and Salmonella serovars [28,30–32]. Carvacrol (C10H14O), found primarily in
oregano, is another natural bioactive compound with reported antimicrobial properties [33] and is
broadly known for its effective antioxidant and antimicrobial activity [34,35].

The purpose of this study was to investigate the role of mild heat and addition of caprylic acid
and carvacrol on decontamination efficacy of a pressure-based pasteurization treatment against STEC
and nSTEC. Habituation of the pathogen, as further delineated in Section 2.1, in an acidic food vehicle
were also investigated as an important element for maximizing external validity of a decontamination
hurdle validation study.

2. Materials and Methods

2.1. Escherichia coli Strains, Preparation of Culture, Habituation, and Inoculation

A six-strain mixture of Shiga toxin-producing E. coli O157:H7 (STEC) (ATCC®, Manassas, VA,
USA, numbers BAA 460, 43888, 43894, 35150, 43889 and 43890) and a six-strain mixture of ‘Big
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Six’ non-O157 Shiga toxin-producing E. coli (nSTEC) strains, including O26:H11, O45:H2, O103:H2,
O111:NM, O121:H19, and O145 (ATCC® numbers BAA 2196, BAA 2193, BAA 2215, BAA 2440, BAA
2219 and BAA 2192 respectively) were used in this study for inoculation of sterilized (autoclaved at
121 ◦C, for 15 min, under 15 PSI) blueberry juice. The STEC and nSTEC strains with public health
significance and those derived from our previously published strain selection trials were selected for
this study [9].

The cultures for each of the above-mentioned strains, obtained from American Type Culture
Collection (Manassas, VA, USA), were grown on Tryptic Soy Agar (Difco, Becton Dickinson, Franklin
Lakes, NJ, USA) supplemented with 0.6% yeast extract (TSA + YE) and for 24 h incubated at 37 ◦C.
Forty eight hours before each experiment, a loopful of single colony of each STEC or nSTEC strains
was aseptically transferred for activation into 10 mL Tryptic Soy Broth (Difco, Becton Dickinson,
Franklin Lakes, NJ, USA) supplemented with 0.6% yeast extract (TSB + YE). Use of this media and the
supplement minimizes acid stress of the bacterial cells during incubation at 37 ◦C for 20–24 h [23,27,36].
After incubation for 20–24 h at 37 ◦C, 100-μL aliquot of the culture was individually and aseptically
sub-cultured into another 10 mL of TSB + YE, for 22–24 h at 37 ◦C, for each of the 12 strains, separately.

Each overnight sub-cultured strain (2 mL per strain) was then harvested by centrifugation
(Model 5424, Eppendorf North America, Hauppauge, NY, USA; Rotor FA-45-24-11) at 6000 RPM
(3548 g for 88 mm rotor) for 15 min. Bacterial pellets were then re-suspended in 2 mL Phosphate
Buffered Saline (VWR International, Radnor, PA, USA) and washed twice by centrifugation with
the above-mentioned intensity and time to remove growth media, excreted secondary metabolites,
and sloughed cell components. Two separate six-strain bacterial cocktails (for STEC and nSTEC)
were made by combining the washed and re-suspended strains into PBS (VWR International, Radnor,
PA, USA), and were used as the inocula for this study. Non-habituated samples were prepared by
10-fold dilution of each of the STEC and nSTEC cocktails in PBS followed by inoculating sterilized
blueberry juice samples for target population of 5–6 Log CFU/mL. The habituated samples were
prepared by adding 10 mL of STEC and nSTEC cocktails (separately for each strain mixture) to 40 mL of
sterilized blueberry juice, followed by a 72 h aerobic storage at 4 ◦C [23]. Habituation allows pathogen
acclimatization to intrinsic factor and temperature of the food product and could impact external
validity of a microbial challenge study [37–39]. Levels of inoculation for habituated and non-habituated
samples and below-mentioned temperatures and concentrations of antimicrobials were selected after
conduct of preliminary trials.

2.2. Preparation of Antimicrobials, and Mild Heat and Pressure-Based Pasteurization

Two naturally occurring antimicrobial compounds (carvacrol and caprylic acid) were used in
this study for inactivation of 72-h habituated STEC and nSTEC in sterilized blueberry juice at two
temperatures and at an elevated hydrostatic pressure level of 450 MPa. The temperature of the trials
were precisely controlled using a water jacket surrounding the treatment chamber, connected to a
circulating water bath and monitored by k-type thermocouples as delineated in details in our recent
open access publications [23,27]. For 4 ◦C experiments, 0.5% (7.5 μL of antimicrobial in 1.5 mL of
inoculated product (v/v)) and for 45 ◦C experiment, 0.1% concentration (1.5 μL of antimicrobial in 1.5 mL
of inoculated product (v/v)) of carvacrol and caprylic acid were used based on the above-mentioned
preliminary trials. In each experiment, the concentration of antimicrobials was prepared aseptically in
sterilized blueberry juice. Inoculated blueberry juice were then exposed to 450 Megapascal (MPa), i.e.,
c. 65,000 pounds per square inch (PSI) hydrostatic pressure (Barocycler Hub880 Explorer, Pressure
Bioscience Inc., South Easton, MA, USA) at 4 and 45 ◦C for the time intervals of 0 (untreated control)
to 7 min. Samples containing antimicrobials were also tested immediately after addition of the
antimicrobial and prior to pressure treatment (treated control). The treatments were carried out in
no-disk PULSE (Pressure BioScience Inc., South Easton, MA, USA) containing 1.5 mL of inoculated
blueberry juice. The PULSE tubes were then used for hydrostatic pressure treatment with 1, 3, 5 and
7 min holding time, in addition to the above-mentioned controls. Pressure and temperature of trials
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were monitored and recorded automatically every 3 s using HUB Explorer PBI (Version 1.0.8, Pressure
BioScience Inc., South Easton, MA, USA) software.

2.3. The pH, Neutralization, and Microbiological Analyses

Each treated sample was neutralized using 5 mL of D/E neutralizing broth (Difco, Becton
Dickinson, Franklin Lakes, NJ, USA) to reduce the effect of food vehicle’s intrinsic factors before
microbiological analyses. The detection limit of microbiological analyses was, thus, 0.48 log CFU/mL.
After neutralization, to enhance the recovery of injured cells, samples were 10-fold serially diluted in
Maximum Recovery Diluent (Difco, Becton Dickinson, Franklin Lakes, NJ, USA) and then plated on
TSA media supplemented with 0.6% yeast extract (TSA + YE). All plates were incubated for 24–48 h at
37 ◦C. After incubation, colony forming units were counted manually and converted into log values
for further statistical analyses. The pH of treated samples was measured two times (after treatment
and before neutralization, as well as after neutralization) using a digital pH meter (Mettler Toledo AG,
Grelfensee, Switzerland) calibrated at pH levels of 4, 7 and 10 before measurements.

2.4. Statistical Analyses and Experimental Design

The sample size of this study was determined to be at least 5 repetitions per treatment to achieve
statistical power of 80%. This sample size was obtained from a previous a priori power analysis using
Proc Power of SAS software (version 9.2, SAS Institute, Cary, NC, USA) using existing pressure-treated
products in the public health microbiology laboratory [40]. The present study was conducted at two
temperatures of 4 and 45 ◦C using two inocula of STEC and nSTEC. At each temperature, the study
contained three biologically independent repetitions (three blocks), each consisted of 2 replications.
Each replication was also microbiologically analyzed in duplicate (microbiological replications).
Thus each reported value is a mean of 12 individual analyses (i.e., 3 blocks, 2 replications, and 2
microbiological repetitions). Initial data arrangement, log transformations and descriptive analysis of
the data were completed using Microsoft Excel. The study was considered as a randomized complete
block design, and log-transformed microbial counts were statistically analyzed using generalized liner
model of SAS for conduct of ANOVA followed by Tukey- and Dunnett’s-adjusted mean separations at
type I error level of 5% (alpha= 0.05). In order to calculate inactivation indices (D-value and Kmax)
Microsoft Excel and GInaFiT (version 1.7, Katholieke Universiteit, Leuven, Belgium) [41] software
were used, respectively.

3. Results and Discussion

As previously delineated in Section 2.2, the experiments were conducted under controlled
temperatures to assure microbial inactivation could be attributed to the intrinsic and extrinsic factors
of interest rather than temperature fluctuations. Samples treated at 4 and 45 ◦C, had similar (p ≥ 0.05)
temperature values (mean ± SD) before and after the treatments. Across all treatments at 4 ◦C, the
values before treatments were 4.8 ± 0.2 ◦C and were 4.9 ± 0.2 ◦C after the treatments. Values were
ranging from 4.3 to 5.2 ◦C and 4.3 to 5.3 ◦C, before and after treatments, respectively. For samples
treated at 45 ◦C as well, temperature recordings were similar (p < 0.05) before and after treatments.
The temperature values were 44.5 ± 0.3 and 44.8 ± 0.4 ◦C, before and after treatments, respectively.
The range for the recordings were from 43.7 to 45.0 ◦C and 43.7 to 45.2 ◦C for samples prior and after
treatments, respectively. Extent of precision in control of temperature could be further delineated
through calculation of coefficient of variation (CV) associated with the temperature recordings. The CVs
associated with 4 ◦C samples were 4.51% and 4.57% and for samples treated at 45 ◦C were 0.58% and
0.76%, before and after treatments, respectively.

The pH levels of the samples were also similar (p ≥ 0.05) before and after treatments. For samples
treated at 4 ◦C, and prior to neutralization, the pH value (mean ± SD) and range were 3.16 ± 0.0
and 3.12 to 3.22, respectively. After neutralization, these values were expectedly increased (p < 0.05)
to 5.56 ± 0.27, ranging from 5.25 to 6.02. Similarly, for samples treated at 45 ◦C, these values were
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3.33 ± 0.1 and 5.54 ± 0.1, before and after neutralization. These values were ranging from 3.24 to 3.44
and 5.37 to 5.69 before and after neutralization, respectively. The CVs associated with pH measurements
were 0.42% (4 ◦C samples, without neutralization), 4.89% (neutralized 4 ◦C samples), 1.61% (45 ◦C
samples, without neutralization), and 1.70% (neutralized, 45 ◦C samples).

3.1. Pressure-Based Pasteurization of O157 and Non-O157 Serogroups of Shiga Toxin-Producing Escherichia
coli at 4 ◦C, Before and After Habituation

As further delineated in Section 2.1, this study utilized two separate inoculated products for the
pressure-based microbial challenge studies using a six-strain mixture of O157 Shiga toxin-producing
Escherichia coli (STEC) and a six-strain non-O157 mixture of O26, O45, O103, O111, O121, and O145
Shiga toxin-producing Escherichia coli (nSTEC). Data associated with the current study is also provided
as a supplementary file. At 4 ◦C and after the habituation, the STEC and nSTEC counts (mean ± SD)
of blueberry juice were 6.32 ± 0.5 and 6.12 ± 0.6 Log CFU/mL, respectively (Figure 1A). Hydrostatic
pressure treatment of 450 MPa (c. 65 K PSI), for 1, 3, 5, and 7 min, reduced the STEC by 1.7 to 2.6
log CFU/mL and specifically reduced (p < 0.05) the STEC counts to 4.60 ± 0.8, 4.45 ± 0.9, 4.51 ± 0.8,
3.68 ± 1.1, respectively (Figure 1A). Sensitivity of nSTEC were similar to STEC- the treatments for 1,
3, 5, and 7 min at the above-referenced pressure and intensity level lead to 1.1, 2.7, 2.6, and 3.3 log
reductions of nSTEC samples (Figure 1A). Under the condition of our experiment, habituation played
an influential role on sensitivity of both STEC and nSTEC serogroups to pressure-based treatments at
4 ◦C (Figure 1A,B). For non-habituated samples at 4 ◦C, STEC and nSTEC counts were 5.55 ± 0.6 and
5.00 ± 0.1 prior to treatments, respectively. The STEC were reduced (p < 0.05) to 4.35 ± 0.3, 4.26 ± 0.5,
4.57 ± 0.9, and 4.13 ± 0.2 log CFU/mL, after treatments for 1, 3, 5, and 7 min at 450 MPa, respectively
(Figure 1B). These reductions were considerably less that reductions of the habituated STEC. In other
words, the habituated STEC were more sensitive to pressure-based treatments at this temperature
relative to the non-habituated phenotype. As an example, 7 min of treatment at 450 MPa at 4 ◦C
reduced the habituation STEC (p < 0.05) by 3.7 log CFU/mL (Figure 1A), while the same treatment
were only capable of reducing (p < 0.05) the non-habituated STEC for 1.4 log CFU/mL (Figure 1B). This
trend was also observed for habituated and non-habituated nSTEC (Figure 1A,B).

This considerable difference in sensitivity of the pathogen before and after habituation had been
discussed in the microbiology literature in the past. While studies, similar to our current study,
had observed that post-stress, pathogens exhibit more sensitivity to a decontamination treatment.
Some studies also indicate certain stressors could lead to cross-protective effects, i.e., increasing the
tolerance of a pathogen post-stress [23,38,42,43]. If a manufacturer is relying on validation studies with
non-habituated inoculated pathogen, the validation data could be an overestimation or underestimation
of the treatment decontamination efficacy, and thus, leading to false sense of treatment efficacy or a
treatment that is overly conservative. This could also lead to over- or under-estimation of microbial
reductions in risk assessment analyses throughout the supply chain. It is thus recommended that
habituation for each specific product-pathogen-treatment combination be considered as an important
factor of a validation study to assure data obtained from a microbial challenge study has external
validity and is conducted in an environment that is as close as possible to actual processing condition
of a product. This could assure economic feasibility of a treatment as well as providing assurance that
a treatment is safeguarding the public health. Currently, there is a knowledge gap about sensitivity of
acid-adapted and acid-stressed foodborne pathogens of public health concern to various pressure-based
treatments relative to their wild-type phenotypes.
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Figure 1. Inactivation of six-strain cocktail of habituated and non-habituated E. coli O157:H7 (ATCC®

numbers BAA 460, 43888, 43894, 35150, 43889, 43890) and the ‘Big Six’ non-O157 E. coli mixtures
(ATCC® numbers BAA 2196, BAA 2193, BAA 2215, BAA 2440, BAA 2219, BAA 2192) in sterilized
blueberry juice, treated by carvacrol (0.5%), caprylic acid (0.5%) and elevated hydrostatic pressure
at 450 MPa (Barocycler Hub880 Explorer, Pressure Bioscience Inc., South Easton, MA, USA) for 0, 1,
3, 5, and 7 min at 4 ◦C. In each graph, and for each pathogen mixture separately, columns of each
time interval followed by different uppercase letters are representing log CFU/mL values (Mean ± SE)
that are statistically (p < 0.05) different (Tukey-adjusted ANOVA). Uppercase letters followed by *
sign are statistically (p < 0.05) different than the untreated control (not treated with antimicrobial)
(Dunnett’s-adjusted ANOVA). (A) After 3 days of habituation, treated by no antimicrobial at 4 ◦C;
(B) Before 3 days of habituation, treated by no antimicrobial at 4 ◦C; (C) After 3 days of habituation,
treated by 0.5% carvacrol at 4 ◦C; (D) After 3 days of habituation, treated by 0.5% caprylic acid at 4 ◦C.

3.2. Augmenting the Efficacy of High Pressure Pasteurization using Carvacrol and Caprylic Acid at 4 ◦C

Under the condition of our experiments, we observed the selected two natural antimicrobials could
appreciably augment the efficacy of the pressure-based pasteurization of STEC and nSTEC at 4 ◦C. It is
noteworthy that the synergism of elevated hydrostatic pressure and carvacrol and caprylic acid were
investigated on inoculated samples with three-day aerobic habituation that, as discussed in Section 3.1,
yields more realistic outcome with higher external validity. Data and graphical representations obtained
and reported for these experiments were similar in structure to those elaborated in Section 3.1 with the
exception that the microbial reductions immediately after exposure to 0.5% antimicrobial were also
determined, thus graphs contain untreated controls as well as treated controls (e.g., samples that are
immediately neutralized and enumerated after exposure to the antimicrobial).

The STEC and nSTEC counts (mean ± SD) for untreated controls were 6.32 ± 0.5 and 6.12 ± 0.6
log CFU/mL, respectively at 4 ◦C. Immediately after exposure to 0.5% carvacrol, these counts were
reduced (p <0.05) to 4.99 ± 0.4 and 4.86 ± 0.1 log CFU/mL, for STEC and nSTEC samples, respectively
(Figure 1C). Carvacrol were able to enhance (p < 0.05) the efficacy of the treatment. As an example,
treatments of STEC samples for 5 and 7 min at 450 MPa at 4 ◦C lead to 3.8 and 4.2 log CFU/mL
reductions (p < 0.05) while same treatment at the same temperature and intensity level without
presence of carvacrol resulted in 1.0 and 1.4 log CFU/mL reductions (p < 0.05) in habituated samples,
respectively (Figure 1A,C). In vast majority of tested time intervals, STEC and nSTEC serogroups
exhibited comparable sensitivity to high hydrostatic pressure (Figure 1A–D). Caprylic acid, at 0.5%
concentration, were similarly effective to augment the decontamination efficacy of the pressure-based
treatments at 4 ◦C. The nSTEC counts, as an example, were 6.12 ± 0.6 log CFU/mL prior to treatment
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and prior to exposure to caprylic acid (untreated control). These counts were reduced (p < 0.05) to
5.02 ± 0.5 log CFU/mL immediately after exposure to 0.5% caprylic acid (treated controls) and were
further reduced (p < 0.05) to 3.35 ± 0.8, 2.60 ± 0.9, 2.49 ± 1.1, 2.44 ± 0.8 log CFU/mL after 1-, 3-, 5-,
and 7-min treatments at 450 MPa at 4 ◦C (Figure 1D). These reductions were appreciably higher than
those obtained from elevated hydrostatic pressure alone for both STEC and nSTEC. As an example, the
above-reference 7-min treatment reduced (p < 0.05) the STEC and nSTEC for 4.2 and 3.7 log CFU/mL
in presence of 0.5% caprylic acid, respectively, while the same treatment resulted in 1.4 and 1.6 log
CFU/mL reductions (p < 0.05) for the habituated samples without caprylic acid (Figure 1A,D).

These results could be of practical importance for the private industry with a high-pressure
processing plant. At current times, slightly higher operation costs of many pressure-treated products
relative to existing heat-treated commodities in the market are the main curtailment for further
expanding the utilization of this technology in the food processing industry [23,27]. Main costs of
the operation are associated with maintenance and energy expenditure associated with use of high
levels of hydrostatic pressure. Our study indicates that lower levels of pressure could lead to similar
decontamination efficacy in presence of natural antimicrobials such as carvacrol and caprylic acid.

3.3. Pressure-Based Pasteurization of the Pathogen at 45 ◦C as Affected by Habituation, Carvacrol and
Caprylic Acid

The pressure treatments discussed in Sections 3.1 and 3.2, coupled with mild heat were appreciably
more efficacious for decontamination of the product from STEC and nSTEC (Figure 2A–C). This
thermal-assisted pressure-based treatment at 450 MPa and 45 ◦C were able to reduce (p < 0.05) the STEC
counts by 3.8, 4.0, 4.8, and 5.4 log CFU/mL for habituated samples (Figure 2A). This decontamination
efficacy were also observed with similar trends for the nSTEC samples, leading to 3.3 to 4.8 log
CFU/mL reductions for treatments of up to 7 min (Figure 2A). Effects of habituation at this temperature
were less pronounced relative to the experiment conducted at 4 ◦C (Figure 2A). As an example,
counts of non-habituated STEC and nSTEC samples were 5.96 ± 0.3 and 5.88 ± 0.5 before treatments
and were reduced (p < 0.05) to 0.66 ± 0.2 and 0.91 ± 0.7 log CFU/mL after 7-min treatments at
450 MPa and 45 ◦C, respectively. Counts for habituated STEC and nSTEC were reduced (p < 0.05)
by 5.4 and 4.8 log values, similar to the reductions obtained by treatment of non-habituated samples
(Figure 2A,B). Our data indicates, habituation could have a more pronounced effect on external validity
of a pressure-based validation study at 4 ◦C while may have only modest effects on validity of a
thermal-assisted high-pressure processing.

At elevated temperature, effects of carvacrol and caprylic acid at 0.1% were also less pronounced
in augmenting the decontamination efficacy of the treatments (Figure 2C,D). This indicates that while
these antimicrobials might be efficacious alone, or coupled with pressure-based treatments at lower
temperature, at 0.5% concentrations, but these do not augment the efficacy of a treatment at higher
temperature when tested at 0.1%. Similar effects were observed in the past when acidic acid was
not able to augment efficacy of a heat treatment at elevated temperature while efficacious at ambient
environment [44]. As an example, STEC counts of habituated samples treated without antimicrobial,
with 0.1% carvacrol, and with 0.1% caprylic acid for 3 min at 450 MPa were similar (p ≥ 0.05) and were
3.09 ± 1.3, 3.91 ± 0.4, and 3.79 ± 0.6 log CFU/mL, respectively (Figure 2A,C,D). Similar to treatments
at lower temperature, STEC and nSTEC counts were comparable for the vast majority of time and
pressure treatments, prior and after habituation, and in presence or absence of the antimicrobials
(Figure 2A–D). Our results, thus indicate that mild elevated heat and natural antimicrobial could
augment efficacy of a pressure-based pasteurization with similar effectiveness against STEC and nSTEC,
but utilization of both mild heat and antimicrobials simultaneously does not necessarily provide added
decontamination benefit.
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Figure 2. Inactivation of six-strain cocktail of habituated and non-habituated E. coli O157:H7 (ATCC®

numbers BAA 460, 43888, 43894, 35150, 43889, 43890) and the ‘Big Six’ non-O157 E. coli strain mixtures
(ATCC® numbers BAA 2196, BAA 2193, BAA 2215, BAA 2440, BAA 2219, BAA 2192) in sterilized
blueberry juice, treated by carvacrol (0.1%), caprylic acid (0.1%) and elevated hydrostatic pressure
at 450 MPa (Barocycler Hub880 Explorer, Pressure Bioscience Inc., South Easton, MA, USA) for 0, 1,
3, 5, and 7 min at 45 ◦C. In each graph, and for each pathogen mixture separately, columns of each
time interval followed by different uppercase letters are representing log CFU/mL values (mean ± SE)
that are statistically (p < 0.05) different (Tukey-adjusted ANOVA). Uppercase letters followed by
* sign are statistically (p < 0.05) different than the untreated control (not treated with antimicrobial)
(Dunnett’s-adjusted ANOVA). (A) After three days of habituation, treated by no antimicrobial at 45 ◦C;
(B) Before three days of habituation, treated by no antimicrobial at 45 ◦C; (C) After three days of
habituation, treated by 0.1% carvacrol at 45 ◦C; (D) After three days of habituation, treated by 0.1%
caprylic acid at 45 ◦C.

3.4. Linear and Non-Leaner Inactivation Indices for High Pressure Pasteurization of O157 and Non-O157
Serogroups of Shiga Toxin-Producing Escherichia coli at 4 and 45 ◦C

Effects of habituation and synergism of heat, carvacrol and/or caprylic acid with the pressure-based
pasteurization could be further discussed by interpretation of linear and non-linear inactivation indices
(Figures 3 and 4). D-value was the linear model utilized in this study that could be interpreted as the
time required at the specific condition of the experiment to achieve 90% reduction of the inoculated
pathogen (i.e., one-log reduction). A non-linear model had also been utilized in this study using
GlnaFiT version 1.7 software [41]. The reported kmax values are in unit of 1/min thus smaller Kmax

values indicate longer time required for reduction of the pathogen, in contrast to D-value that is in unit
of min.

The D-value for STEC for habituated and non-habituated samples (Figure 3A,C) emphasizes on
importance of this practice on outcome of a challenge study. The D-value associated with habituated
STEC were 13.70 min while for non-habituated samples this inactivation index was 7.76 min (Figure 3A,C).
This effect was not observed at higher temperature. At 45 ◦C, the D-values were similar for habituated
and non-habituated STEC samples and were 1.65 and 1.51 min, respectively (Figure 3A,C).

Carvacrol was able to augment the efficacy of pressure-based pasteurization of the pathogen as
evidenced by inactivation indices. As an example, nSTEC required 8.03 min of treatment at 450 MPa
and 4 ◦C for one-log reduction e.g., D-value = 8.03 min (Figure 3B). In presence of 0.5% carvacrol, same
treatment required only 2.92 min for one-log reduction (Figure 3F). The kmax values also delivered
similar trend, having values of 2.77 and 13.19 1/min for nSTEC samples without carvacrol, and those
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treated with presence of 0.5% carvacrol (Figure 3B,F). At 4 ◦C, 0.5% caprylic acid was also capable of
reducing the time for one-log reduction of both STEC and nSTEC as exhibited in Figure 3A,B,G,H.

 

Figure 3. Inactivation rates for six-strain habituated and non-habituated mixture of E. coli O157:H7
(ATCC® numbers BAA 460, 43888, 43894, 35150, 43889, 43890) and the ‘Big Six’ non-O157 E. coli strain
mixtures (ATCC® numbers BAA 2196, BAA 2193, BAA 2215, BAA 2440, BAA 2219, BAA 2192) exposed
to 0.5% carvacrol, 0.5% caprylic acid, and elevated hydrostatic pressure at 450 MPa (Barocycler Hub
440, Pressure BioScience Inc., South Easton, MA) in sterilized blueberry juice at 4 ◦C. Using the GInaFiT
software, the provided Kmax values are selected from the best-fitted model (goodness-of-fit indicator
of R2 values, α = 0.05). Kmax values indicate the expressions of number of log cycles of reduction in
1/min unit for each pressure/temperature combinations. Presented D-values are calculated based on
best-fitted linear model, showing time required for one log (90%) of microbial cell reductions of the
microbial cell mixture. (A) Habituated E. coli O157 treated by no antimicrobial at 4 ◦C with R2 = 0.53;
(B) Habituated E. coli non-O157 treated by no antimicrobial at 4 ◦C with R2 = 0.64; (C) Non-habituated
E. coli O157 treated by no antimicrobial at 4 ◦C with R2 = 0.48; (D) Non-habituated E. coli non-O157
treated by no antimicrobial at 4 ◦C with R2 = 0.56; (E) Habituated E. coli O157 treated by carvacrol (0.5%)
at 4 ◦C with R2 = 0.69; (F) Habituated E. coli non-O157 treated by carvacrol (0.5%) at 4 ◦C with R2 = 0.78;
(G). Habituated E. coli O157 treated by caprylic acid (0.5%) at 4 ◦C with R2 = 0.81; (H). Habituated E.
coli non-O157 treated by caprylic acid (0.5%) at 4 ◦C with R2 = 0.75.
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Figure 4. Inactivation rates for six-strain habituated and non-habituated mixture of E. coli O157:H7
(ATCC® numbers BAA 460, 43888, 43894, 35150, 43889, 43890) and the ‘Big Six’ non-O157 E. coli strain
mixtures (ATCC® numbers BAA 2196, BAA 2193, BAA 2215, BAA 2440, BAA 2219, BAA 2192) exposed
to 0.1% carvacrol, 0.1% caprylic acid, and elevated hydrostatic pressure at 450 MPa (Barocycler Hub 440,
Pressure BioScience Inc., South Easton, MA) in sterilized blueberry juice. Using the GInaFiT software,
the provided Kmax values are selected from the best-fitted model (goodness-of-fit indicator of R2 values,
α = 0.05). Kmax values indicate the expressions of number of log cycles of reduction in 1/min unit
for each pressure/temperature combinations. Presented D-values are calculated based on best-fitted
linear model, showing time required for one log (90%) of microbial cell reductions of the habituated
microbial cell mixture. (A) Habituated E. coli O157 treated by no antimicrobial at 45 ◦C with R2 = 0.53;
(B) Habituated E. coli non-O157 treated by no antimicrobial at 45 ◦C with R2 = 0.64; (C) Non-habituated
E. coli O157 treated by no antimicrobial at 45 ◦C with R2 = 0.48; (D) Non-habituated E. coli non-O157
treated by no antimicrobial at 45 ◦C with R2 = 0.56; (E) Habituated E. coli O157 treated by carvacrol
(0.1%) at 45 ◦C with R2 = 0.69; (F) Habituated E. coli non-O157 treated by carvacrol (0.1%) at 45 ◦C
with R2 = 0.78; (G) Habituated E. coli O157 treated by caprylic acid (0.1%) at 45 ◦C with R2 = 0.81;
(H) Habituated E. coli non-O157 treated by caprylic acid (0.1%) at 45 ◦C with R2 = 0.75.

The synergistic effects of the tested antimicrobial (0.1% concentration) and habituation were less
pronounced at elevated temperature of 45 ◦C (Figure 4). For example, the D-values for habituated with
no antimicrobial, non-habituated with no antimicrobial, habituated and treated with 0.1% carvacrol,
and habituated and treated with 0.1% caprylic acid for STEC samples were similar (p < 0.05) and
were 1.65, 1.51, 2.84, and 2.71 min, respectively (Figure 4A,C,E,G). This indicates that additional of
antimicrobials could appreciable enhance the decontamination efficacy of a pressure-based intervention
at 4 ◦C while could have minor to no effects for augmenting the efficacy of a thermal-assisted high
pressure pasteurization.

As further discussed in the introduction, antimicrobials used in the current study have Generally
Recognized as Safe status in the United States regulatory landscape [28,45] and the concentrations
utilized are similar to those used previously in literature [46]. As for any product development
project, incorporation of these antimicrobials in a product formula for enhancing safety of the product,
requires product specific and close attention to organoleptic properties of the product with and without
the antimicrobials.

It is also noteworthy that this study utilized a six-strain mixture of E. coli O157:H7 and a six-strain
mixture of non-O157 Shiga toxin-producing E. coli. As delineated in Section 2.1, these were selected
based on our previously published screening trials as well as the strains’ public health significance. Acid
tolerance, sensitivity to intrinsic and extrinsic factors of a product, and reduction as a result of a thermal
or non-thermal treatment could vary immensely among the plethora of Shiga toxin-producing isolates
of the pathogen. Conducting experiments with similar design to the current study in future, using an
array of individual strains followed by further analyses of the survivors after the treatments could be
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experiments of utmost importance and a complement to the current study for better assimilation of
sensitivity of this pathogen of public health concern to pressure-based interventions under various
intrinsic and extrinsic conditions of a product and processing conditions.

4. Conclusions

Under the condition of our experiments, for the vast majority of tested time and pressure
intervals in presence or absence of two antimicrobials, O157 and non-O157 serogroups of Shiga
toxin-producing Escherichia coli exhibited similar sensitivity to elevated hydrostatic pressure. Thus, if
a pressure-based treatment is validated and is efficacious for decontamination of O157 serogroups
of Escherichia coli, it would almost certainly exhibit comparable efficacy for reduction of non-O157
serogroups of the pathogen as well. We also observed that, particularly for treatments at 4 ◦C,
habituation of samples could meaningfully alter the results of a microbial challenge study and thus
would need to be carefully considered for maximizing the external validity of a validation study.
Reducing the cost of pressure-based treatments are currently the major curtailment for further adaption
of this emerging technology. Our study indicates that application of natural antimicrobials could
augment the decontamination efficacy of this technology, allowing the practitioners to benefit from
synergism of natural antimicrobials and elevated hydrostatic pressure, to utilize lower intensity of the
treatment with the same level of microbiological safety. This could be a practical solution for ultimately
reducing high-pressure processing operation costs and increasing the competitiveness of products
manufactured with this technology. This could also lead to enhanced preservation of nutritional and
sensory properties of the products since mild hydrostatic pressure treatments are typically associated
with no or minimal deleterious effects on physiochemical and organoleptic properties of food products.
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Abstract: The aim of this study was to determine the prevalence of Shiga toxin-producing Escherichia
coli in fresh beef marketed in 2017 in 13 regions of Italy, to evaluate the potential risk to human
health. According to the ISO/TS 13136:2012 standard, 239 samples were analysed and nine were
STEC positive, from which 20 strains were isolated. The STEC-positive samples were obtained from
Calabria (n = 1), Campania (n = 1), Lazio (n = 2), Liguria (n = 1), Lombardia (n = 1) and Veneto (n = 3).
All STEC strains were analysed for serogroups O26, O45, O55, O91, O103, O104, O111, O113, O121,
O128, O145, O146 and O157, using Real-Time PCR. Three serogroups were identified amongst the 20
strains: O91 (n = 5), O113 (n = 2), and O157 (n = 1); the O-group for each of the 12 remaining STEC
strains was not identified. Six stx subtypes were detected: stx1a, stx1c, stx2a, stx2b, stx2c and stx2d.
Subtype stx2c was the most common, followed by stx2d and stx2b. Subtype stx2a was identified in
only one eae-negative strain and occurred in combination with stx1a, stx1c and stx2b. The presence
in meat of STEC strains being potentially harmful to human health shows the importance, during
harvest, of implementing additional measures to reduce contamination risk.

Keywords: Escherichia coli (STEC); beef; serogroups; stx-genes; stx-subtypes

1. Introduction

Shiga toxins (Stx) are potent cytotoxins encoded by lambdoid phages and integrated into the
bacterial chromosome of a large and complex group of pathogenic Escherichia coli (STEC) strains
that cause disease in humans [1,2]. Shiga toxins are immunologically distinct [3] and based on this
antigenic diversity are divided into two groups, Stx1 and Stx2 [4]. Epidemiological studies [3–5] have
shown that some Stx1 and Stx2 subtypes often are associated with severe human STEC illnesses [4].
Three Stx1 variants have been identified: Stx1a, Stx1c and Stx1d [2,4]. Usually, subtypes Stx1c and
Stx1d are found in the meat of sheep, deer, and wildlife [6–9] and are rarely associated with disease
in humans [2]. Subtypes Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f and Stx2g, along with the recently
discovered Stx2h, are the eight Stx2 subtypes known to exist [4,10–14]. Subtypes Stx2a, Stx2c and
Stx2d are associated with STEC infections in humans [11,15–17], while Stx2e, Stx2f, Stx2g are mainly
found in animals [2,10,11]. Some studies have suggested that STEC strains producing Stx2f can cause
diarrhoea in humans [18]; however, recently, STEC strains carrying the stx2f gene have been isolated
from patients with hemolytic uremic syndrome (HUS) [18,19].

The majority of STEC strains associated with disease in humans possess adherence factors that
facilitate their attachment to the intestinal epithelial cells [20]. The principal adherence factor is the
intimin protein encoded by the eae gene, and responsible for what is known as the “attaching and
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effacing” (A/E) lesion of the intestinal mucosa [4,21–23]. The simultaneous presence of eae and stx2
genes is considered a reliable indicator of a particular STEC strain’s ability to cause severe disease in
humans [24]. However, STEC strains that lack the eae gene can also cause severe disease by utilising
alternative adherence mechanisms, as evidenced recently during a large outbreak of HUS in Germany
in 2011 and caused by an enteroaggregative haemorrhagic Escherichia coli (EAHEC) O104:H4 carrying
the aggR and aaiC genes in combination with stx2a [25].

Serological identification, based on the somatic (O) and flagellar (H) antigens, has to date resulted
in the identification of ~470 STEC serotypes [8,26], all able to produce any one of the twelve known Stx
subtypes or combinations of these subtypes [27]. The European Food and Safety Authority (EFSA)
has identified STEC encoding the stx and eae genes that belong to serogroups O26, O103, O111, O145,
O157, the so-called “big five”, as those of major concern to human health in Europe [28]. Following
the O104:H4 outbreak in Germany, this serotype was incorporated into the screening protocol for all
eae-negative STEC isolated from food (Regulation EU No. 209/2013) [29].

STEC O157 is the most frequently reported serogroup worldwide [17,30,31]. The incidence of
STEC O157 has however decreased in recent years, whereas the so-called non-O157 STEC serogroups
are increasingly associated with haemorrhagic colitis (HC) and HUS in humans [27,31]; the most
frequently encountered non-O157 serogroups are O26, O103, O111, O121, O145, O45, O118, O71 and
O186 [31,32]. In 2015, as reported by EFSA and the European Centre for Disease Prevention (ECDC),
in Europe, the STEC serogroups most commonly isolated from beef were O157 and O26, followed by
O148, O145, O8, O113, O91, O130, O174 and O113. Many of these STEC serogroups were linked to
human illnesses, confirming the epidemiological involvement of beef in STEC infections [33]. In 2016,
in Europe, the STEC serogroup most frequently isolated from bovine meat was O157, followed by
O113, O26, O145 and O174 [34]. In Italy, STEC O26 was the predominant serogroup in 2012 and
responsible for about half of STEC cases in humans, followed by STEC O157 and STEC O111 [35].
In Europe, as a consequence of only a handful of countries doing any monitoring, few data exist on the
isolation of STEC from beef [1,21,34].

The main reservoirs of STEC are ruminants, including wildlife. STEC can colonize the gut
asymptomatically, their excretion into the environment [21] serving as a significant route of infection
in humans [3]. Other studies have demonstrated that the hides of cattle represent an important
source of STEC, resulting in carcass contamination during harvest [21,36]. Transmission to cattle may
take place on-farm or during transportation to the abattoir [5,36]. STEC prevalence in cattle appears
to be influenced by the age of the animal, the season, and probably, also feed composition [5,17].
Pathways along which humans may become infected include faecal-oral contamination during harvest,
direct contact with faeces, STEC cross-contamination and multiplication during the preparation
and handling of animal-derived foodstuffs, and human-to-human transmission [21,37]. European
legislation (Regulation EU No. 2073/2005 and its amendments Regulation EU No. 1441/2007) [38,39]
did not include the screening of STEC from meat products because, originally, very few data were
available on the health risks associated with STEC-contaminated food [1,21].

In 2012, the International Organisation for Standardisation (ISO) issued the ISO/TS 13136:2012
method for the detection of STEC with a focus on the stx1 and stx2 virulence genes and on the eae
adhesion factor gene, as these are associated with the “big five” serogroups [40]. The method is
based on the Real-Time PCR screening of enrichment cultures, followed by serogroup identification
and characterisation of isolated strains. The initial enrichment step, by increasing concentrations
of the target bacteria, not only enhances the sensitivity of the method but also ensures the viability
of bacterial cells from which positive results are obtained [41]. To date, as stated in the ESFA and
ECDC 2017 report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks,
91.5% of the samples tested during 2016 by the European Member States, were analysed using ISO/TS
13136:2012 [34]. Some studies have suggested that the culture conditions involving media formulations
and incubation temperature, as currently recommended in the ISO, be modified to further enhance
STEC growth [41–44]. While improvements to the current ISO standard are possible, food authorities
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will always promote the use of a standardized method so results from different countries remain
comparable [34].

The aim of this study was to determine the prevalence of Shiga toxin-producing Escherichia coli in
fresh beef marketed in 13 regions of Italy in 2017, to evaluate the potential risk to human health.

2. Materials and Methods

2.1. Sampling

Between January and December 2017, 239 samples of refrigerated fresh beef were obtained
from the retail market in 13 regions of Italy. The samples were collected originally to monitor
antimicrobial resistance in zoonotic bacteria from food-producing animals and meat, under Decision
2013/652/EC [45]. The antimicrobial resistance aspects do not form part of this study, but they
provided us with the opportunity to assay samples that were representative of most of Italy. The 13
regions account for >90% of the total animals harvested in Italy. The samples were arbitrarily chosen
from supermarkets and traditional butcheries, and were obtained at least once monthly throughout
the year to cover all four seasons. A single sample was collected from each lot of origin, either
domestic or imported; frozen meat was excluded. The samples included meat either sliced or diced,
vacuum-wrapped, or packaged under a controlled atmosphere. The 239 samples were obtained from
the regions of Abruzzo (n = 8), Calabria (n = 7), Campania (n = 3), Emilia Romagna (n = 23), Friuli
Venezia Giulia (n = 6), Lazio (n = 34), Liguria (n = 6), Lombardia (n = 53), Marche (n = 7), Piemonte
(n = 25), Puglia (n = 22), Toscana (n = 20) and Veneto (n = 25).

2.2. Screening of Enrichment Cultures

The samples were analysed following the ISO/TS 13136:2012 standard [40]. Twenty-five grams
of meat homogenised with 225 mL of modified Tryptone Soya Broth (mTSB) (Biolife Italiana srl,
Milan, Italy) supplemented with 16 mg/mL of novobiocin (Biolife Italiana srl, Milan, Italy) and
incubated at 37 ◦C for 18–24 h. DNA was extracted from 1 mL of each enrichment culture, using an
automated nucleic acid purification system (MagPurix® 12S, Resnova, Rome, Italy), following the
manufacturer’s instructions. The extraction method provided approximately 100 ng/μL of DNA eluted
in nuclease-free water at a final volume of 200 μL. DNA extracts were tested for the stx1, stx2 and eae
genes by Real-Time PCR, following the ISO standard procedure given above. PCR amplifications were
done maintaining a final volume of 20 μL that contained 3 μL of DNA template (standardized at a
concentration of 20 ng/μL), 1× qPCR Master Mix (Kapa Biosystems, Resnova, Rome, Italy), 300 nM of
each primer, and 125 nM of each probe (Eurofins Genomics, Milan, Italy). All the reactions included an
internal amplification control (Exo IPC kit) (Eurogentec, Italy). PCR conditions comprised an enzyme
activation step of 95 ◦C for 5 min, followed by 40 cycles: 95 ◦C for 3 s (denaturation) and 60 ◦C for 30 s
(annealing/extension/data acquisition). All the reference material used as reaction positive controls
were provided by the European Union Reference Laboratory for E. coli (EU-RL VTEC). All stx-positive
and eae-positive enrichment broths were screened for serogroups O26, O111, O103, O145 and O157 [40],
while the stx-positive but eae-negative broths were screened also for the O104 serogroup following an
additional protocol provided by the EURL VTEC [46]. All the serogroup Real-Time PCRs were done
using the same reagent formulas and PCR conditions described above for the stx and eae genes; only
for serogroup O103 was the annealing/extension temperature lowered to 55 ◦C.

2.3. Isolation of STEC Strains

For STEC strain isolation, the stx-positive enrichment broths were cultured on Tryptone Bile
X-Glucuronide (TBX) agar (Biolife Italiana srl, Milan, Italy) or, if screening of the enrichment broths
indicated the presence of serogroup O26, were cultured also on Rhamnose MacConkey (RMAC) agar
and incubated at 37 ◦C for 18–24 h. Then, of many colonies that phenotypically resembled E. coli,
fifty were selected arbitrarily and re-analysed singly for the presence (or absence) of the stx and eae
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genes using Real-Time PCR. Based on the original enrichment broth results, STEC colonies were tested
for one or more of the “big five” serogroups. Those stx-positive colonies that tested negative for the
“big five”, were then analysed for the O45, O55, O91, O113, O121, O128 and O146 serogroups, using a
method provided by the EURL VTEC [46].

2.4. Stx Subtyping

The stx subtype of each STEC strain was identified using the PCR-based subtyping protocol of
the Statens Serum Institut, WHO Collaborating Centre for Reference and Research on Escherichia and
Klebsiella [9,11]. The PCR was done using the 2GFast Master mix (Resnova, Rome, Italy), 280 nM of
each primer (Eurofins, Milan, Italy) and 5 μL of template DNA (20 ng/μL). Each reaction was adjusted
to a final volume of 25 μL in nuclease-free water. The annealing temperature was 66 ◦C for subtyping
stx1a-c, 62 ◦C for stx2a-c, and 64 ◦C for stx2d-g. Agarose gel electrophoresis was used to visualize the
PCR products. A molecular weight marker (Euroclone S.p.a., Milan, Italy) was used to assign the
molecular weight to amplicons produced. The samples were run in Tris-Borate-EDTA running buffer
(VWR International Srl, Milan, Italy) at a constant voltage (100 V for the first ten minutes and 60 V
until the end of electrophoresis). All Statens Serum Institut reference material used as reaction positive
controls was provided through the EURL VTEC.

3. Results

3.1. Real-Time PCR Screening of Enrichment Cultures, and Isolation of STEC Strains

During initial Real-Time PCR screening of enrichment cultures, stx genes were detected in 20
(8.4%) of the 239 samples. STEC was not isolated from 11 of these 20 stx-positive enrichment cultures,
hence, based on the ISO/TS 13136:2012, in these samples only the “presumptive” presence of STEC
could be determined. The eae gene was detected in eight of the eleven “presumptive” enrichment
cultures, stx1 in seven, and stx2 in ten. One or more of the “big five” serogroups occurred singly, or in
combination, in five enrichment cultures, as follows: O104 (n = 1), O103 (n = 1), O104 + O111 (n = 1),
O26 + O103 + O157 (n = 2). For the six remaining “presumptive” STEC positive cultures, the serogroup
was not identified. The regions of Italy from which “presumptive” positive STEC samples were
obtained, are provided along with the sampling month in Table 1.

Table 1. STEC “presumptive” presence. Intimin (eae), Shiga-toxin stx1 and stx2 genes and serogroups
detected in enrichment broth cultures obtained from fresh beef samples collected within 13 regions of
Italy (2017).

Region of
Italy

STEC
Presumptive
Presence (No)

Sampling
Month

Sample
ID

STEC Virulence Gene Profile E. coli
Serogroupeae stx1 stx2

Abruzzo 1 May 42696 + + + nd 1

Lazio 2
September 78963 + + nd 1

October 82856 + O104

Liguria 1 June 51045 + + + O103

Lombardia 4

August 64370 + nd 1

September 72350 + + O104-O111
September 75247 + + + O26-O103-O157
November 96150 + + + nd 1

Marche 1 November 97189 + + nd 1

Puglia 1 July 57025 + + nd 1

Veneto 1 October 87734 + + + O26-O103-O157
1 nd (not determined): enrichment broth cultures that tested negative to the “big five” serogroups analysed (O26,
O103, O111, O145, O157) and O104.
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Twenty STEC strains were isolated from nine of the 20 stx-positive enrichment cultures, hence
the samples are classified as STEC “presence”. The STEC-positive samples were obtained from the
regions of Calabria (eae + stx1 + stx2; n = 1), Campania (stx2; n = 1), Lazio (eae + stx1 + stx2 and stx1
+ stx2; n = 2), Liguria (stx1 + stx2; n = 1), Lombardia (stx2; n = 1) and Veneto (eae + stx1 + stx2; n = 3).
Three different serogroups were identified amongst the 20 strains isolated: O91 (n = 5), O113 (n = 2),
and O157 (n = 1). The remaining 12 STEC strains tested negative for all the serogroups analysed (O26,
O45, O55, O91, O103, O104, O111, O113, O121, O128, O145, O146 and O157).

3.2. Stx Subtyping

Subtyping of the stx genes detected in the 20 STEC isolates, displayed various stx1 and stx2
subtype profiles. Strains belonging to serogroup O91 (n = 5) carried five different virulence gene
profiles (eae + stx1a; eae + stx1c; stx2c; eae + stx1a + stx1c + stx2c; eae + stx1a + stx1c + stx2c + stx2d).
Two O113 isolates were eae-negative and contained subtypes stx2c and stx2c + stx2d, respectively. One
O157 strain was eae-positive and comprised stx subtypes stx1a + stx2c + stx2d. Twelve STEC isolates
tested negative to all 13 serogroups analysed (nd, Table 2); amongst these isolates various combinations
of eae and stx subtypes were detected, with stx2c found most frequently, followed by stx2d, stx2b and
stx2a, respectively. Finally, subtypes stx1d, stx2e, stx2f and stx2g were not detected in any of the 20
STEC isolates obtained (Table 2).

3.3. Discussion

Cattle are considered a major reservoir for virulent strains of Shiga toxin-producing Esherichia coli
(STEC) and the most important source of human infections through the consumption of contaminated
beef products. The aim of this study was to identify and characterise the STEC strains found to
occur in fresh beef obtained from 13 regions in Italy. A culture method involving selective and
non-selective media, and following an initial enrichment step, was used to isolate STEC strains [1,47].
Specific PCR assays were used to identify pathogenicity factors (eae and stx genes), serogroups, and stx
subtypes [1,17,40,48,49]. Initial enrichment yielded 20 (8.4%) stx-positive cultures, while STEC strains
were only isolated from nine cultures. The failure to isolate STEC from a stx-positive enrichment
culture has been reported upon previously [21,50–52]. To isolate STEC from food can be challenging
because the number of STEC cells are likely to be low; other hurdles include sublethal cell injury, or cell
growth suppressed in the presence of a large population of competing microflora [4,21,53]. For these
reasons, enrichment cultures are essential to augment sensitivity, thereby promoting the isolation
of STEC strains needed to confirm the presence of the stx genes in the live cell, while excluding
the presence of free DNA or free prophages in the cultures [28]. Recently, various authors have
reported the reduced sensitivity of mTSB enrichment broths supplemented with novobiocin (16 mg/L),
suggesting that a decrease in novobiocin concentration might improve detection of O111 and other
non-O157 serogroups [41–44]. While it is possible that reduced concentrations of novobiocin facilitate
the isolation of non-O157 serogroups, 19 of the 20 isolates obtained represented non-O157 STEC strains.
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In this study, overall STEC contamination in beef was 3.8%, a prevalence rate that agrees only
partly with rates obtained previously in Italy. A frequency rate of 0.42% for STEC O157 matches that
obtained during a nationwide survey conducted by Conedera et al. [54] and who reported STEC in
four (0.43%) of 931 minced beef samples. These were screened only for serogroup O157. In the region
of Piemonte, Rantsiou et al. [55] found six (5.9%) STEC strains in 101 mixed meat products using a
method developed in-house. In the Emilia Romagna region, Bardasi et al. [56], following the ISO/TS
13136:2012 protocol, demonstrated an STEC presence in four (0.6%) of 689 meat samples (representing
pork, bovine and poultry). In a more recent study, the same ISO protocol was used to test 675 pork
samples (comprising both fresh and dried products) collected in the Umbria and Marche regions
of Italy [57]; these authors reported the presumptive presence of stx-genes in 2.8% of the products,
but were unable to isolate any STEC strains. The discrepant STEC prevalence rates obtained may
find causes in various factors, including geographic compartmentalization of the E. coli population
amongst food animals, laboratory techniques and protocols employed [54,55], and the wide range
in meat products analysed. According to EFSA, in Europe, the overall presence of STEC in 18,975
food samples assayed was 2.5%, the highest proportion found in meat, particularly that from small
ruminants [34]. In Switzerland, Fantelli et al. reported the presence of STEC in 2.3% of 211 minced beef
samples tested [58]; in France, 4% of 411 beef samples were STEC positive [59]. Our STEC prevalence
rates are comparable to some of those obtained for beef previously in Europe [34,58,59].

Real-Time PCR, based on the O-antigen synthesis genes (wzx and wzy), is widely used to serogroup
STEC strains [60]. However, the Real-Time PCR methods currently used do not cover all known
serogroups, hence many serogroups to which a STEC strain may belong remain unidentified [33];
consequently, 12 of our 20 STEC strains could not be identified to serogroup. While serogroups and
serotypes are not virulence factors and not predictive of a virulence profile, they nevertheless remain
useful for conducting surveillance and for investigating outbreaks [61]. Serogroups O26, O103, O104,
O111 and O157, along with the eae and stx2 virulence genes, were detected in 11 enrichment broths;
the failure to isolate STEC strains from these 11 broths is the reason why the corresponding samples
were classified as “presumptive” positive. The potential risk to human health that “presumptives”
represent, means the responsible authorities must continue to monitor for STEC.

An association between Stx subtype and severity of disease in humans has been observed [51,62].
In this study, 20 STEC strains were isolated from nine beef samples and carried stx subtypes in various
combinations. The stx1 subtypes detected were stx1a and stx1c. The Stx1a toxin subtype is often
produced by strains that are eae-positive and known to cause severe disease in man [32]. In this study,
nine STEC strains, either eae-positive or eae-negative, had stx1a alone or in combination with stx1c
or stx2a, stx2b, stx2c and stx2d. The Stx1c toxin subtype is reported mainly in eae-negative strains
causing mild infections [63]; we found stx1c both in identified (serogroup O91) and unidentified
serogroups that were eae-positive (Table 2). With regard to toxin type Stx2, the subtypes stx2a, stx2c
and stx2d have been linked to HC and HUS in humans [11,16]. In this study STEC isolates carrying
stx2c were the stx subtypes most commonly found, followed by stx2d and stx2b. Subtype stx2a was
identified in only one eae-negative strain and occurred in combination with stx1a, stx1c and stx2b. Of
the eight eae-positive STEC strains obtained, four belonged to serogroup O91, one to O157, while
three represented unidentified serogroups. Two strains of O113 and one of O91 were eae-negative;
the nine remaining strains were not identified to serogroup (Table 2). Contrary to other reports [64],
we found four O91 STEC strains to be eae-positive; this finding is unusual and we cannot explain it
satisfactorily. Subtype stx2d was found in eight STEC strains, of which four were eae-negative, while
the other four were eae-positive; the latter group included a strain O157 that was also stx1a- and
stx2c-positive. The stx2d subtype is usually associated with eae-negative strains and severe disease
in humans [65]; recently, in Spain, Sanchez et al. [66] reported upon a O157:H7 strain that was eae-
and stx2d-positive and isolated from a 2-year-old child with BD. This unusual virulence combination,
though rare, has been reported also from several HUS-affected patients in France and separately
involving STEC O26:H11 [67] and STEC O80:H2 [68].
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4. Conclusions

In Italy, the isolation of STEC strains from fresh meat samples signals the recurring threat that
beef, consumed either undercooked or raw, poses to human health. The variety of stx types and
subtypes and multiple STEC serogroups detected, are amongst those found elsewhere in the world
and where, in humans, they have been demonstrated to be involved in severe diseases, such as BD,
HC and HUS. The presence in meat of potentially harmful STEC strains emphasizes the importance,
during harvest, of implementing additional measures to reduce contamination risk. Linked to this, an
efficient surveillance strategy for STECs in retail foodstuffs, remains a national priority. The laboratory
diagnostic protocols needed to isolate and accurately identify STEC strains are laborious, expensive,
and time-consuming. However, they continue to remain pivotal to assessing the strain of pathogenic
E. coli involved, and for identifying the possible source of infection. This knowledge is needed to
enable the competent authorities to respond precisely and rapidly. Improvements to current isolation
techniques, and the validation and standardization of molecular protocols, remain a matter of urgency.
It is foreseen that in the future new high-power methodologies, such as Next-Generation Sequencing
(NGS), will become more widely utilised and that these will lead to further improvements in the
currently used standards for diagnosing STEC in foods.
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Abstract: Forming biofilm is a strategy utilized by Shiga toxin-producing Escherichia coli (STEC) to
survive and persist in food processing environments. We investigated the biofilm-forming potential
of STEC strains from 10 clinically important serogroups on stainless steel at 22 ◦C or 13 ◦C after
24, 48, and 72 h of incubation. Results from crystal violet staining, plate counts, and scanning
electron microscopy (SEM) identified a single isolate from each of the O113, O145, O91, O157,
and O121 serogroups that was capable of forming strong or moderate biofilms on stainless steel at
22 ◦C. However, the biofilm-forming strength of these five strains was reduced when incubation
time progressed. Moreover, we found that these strains formed a dense pellicle at the air-liquid
interface on stainless steel, which suggests that oxygen was conducive to biofilm formation. At 13 ◦C,
biofilm formation by these strains decreased (P < 0.05), but gradually increased over time. Overall,
STEC biofilm formation was most prominent at 22 ◦C up to 24 h. The findings in this study identify
the environmental conditions that may promote STEC biofilm formation in food processing facilities
and suggest that the ability of specific strains to form biofilms contributes to their persistence within
these environments.

Keywords: Shiga toxin-producing Escherichia coli (STEC); biofilm formation; temperature;
stainless steel

1. Introduction

Currently, biofilm formation has gained considerable attention in food processing environments.
The attachment of microorganisms and subsequent development of biofilms in these environments
may be a leading cause of the adulteration of food, which results from the biofouling of pipelines
and processing equipment [1]. In addition, biofilms of spoilage and pathogenic microflora that
form on contact surfaces are often responsible for the contamination of food during post-processing
production [2,3]. It has been shown that, even with diligent cleaning and sanitation, microorganisms
within biofilms can remain viable on equipment surfaces [4].

Bacteria can readily bind to stainless steel and polymer surfaces in food production systems
and form biofilms where cells are embedded within a matrix made up of proteins, carbohydrates,
and extracellular DNA [5,6]. Portions of mature biofilm often detach and are able to colonize
downstream environments [7]. Biofilm formation in food processing environments increases the
resistance of cells to a number of stressors including starvation, heat, cold, and sanitizers [8,9].
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Shiga toxin–producing Escherichia coli (STEC) are foodborne pathogens responsible for human
enteric infections [10]. They are associated with important public health concerns worldwide.
Symptoms associated with STEC infections range from abdominal cramps and bloody diarrhea
to post-infection complications arising from hemolytic-uremic syndrome [11]. According to the Public
Health Agency of Canada [12], more than 652 cases of STEC infections occur in Canada each year.
The rate of STEC O157:H7 has remained relatively constant at 1.2 cases per 100,000 people per year
since 2010. For STEC non-O157, the incidence rate increased slightly between 2010 and 2016 from
0.25 to 0.6 cases per 100,000 people per year. STEC O157:H7 is the most predominant serotype
causing outbreaks, but other STEC serogroups, such as O26, O45, O91, O103, O111, O113, O121, O128,
and O145, have also been linked to severe illness [13,14]. Although the first reported infections by
STEC were associated with contaminated meat, foods such as cheese, vegetables, and drinking water
have also been implicated in STEC outbreaks [15–17]. STEC isolates of different origins (i.e., animal,
food, and human) can form strong biofilms on various food-contact surfaces [17]. The extracellular
matrix of STEC biofilms mainly consists of proteins, poly-N-acetylglucosamine, cellulose, and colanic
acid [5]. Although biofilm formation by STEC isolates is influenced by temperature and time [9],
researchers have found that the number of STEC O157:H7 reached up to 5 log CFU/mL in beef juice
at 4 ◦C over 72 h [6]. Thus, STEC biofilms are a potential threat to food hygiene and may become a
source of infectious disease in both farm and food-processing environments.

Numerous studies have evaluated the impact of STEC O157 biofilms on food safety, as well
as understanding the mechanisms and genetic basis for biofilm formation by this pathogen [18,19].
In contrast, there are relatively few reports on the ability of non-O157 STEC to form biofilms on
food-contact surfaces. Adator et al. demonstrated that 12 non-O157 strains remained viable within
dry-surface biofilms on stainless steel for at least 30 days and were able to contaminate fresh lettuce
within 2 min of exposure [17]. Furthermore, Rong et al. showed that O26:H11 and O111:H8 exhibited
a superior ability to form biofilms at the air-liquid interface on glass surfaces and be insensitive to
sanitizers [20]. These studies demonstrated that non-O157 can adhere to food contact surfaces and
subsequently result in contamination of vegetables and meat.

Thirty-six non-O157 STEC strains from nine serogroups (O113, O145, O91, O26, O121, O128, O103,
O45, and O111) were investigated for biofilm formation on polystyrene in our previous study [21].
Of these strains, EC20020170 O113:H21, EC19990166 O145:H25, EC20010076 O91:H21, EC19970119
O26:H11, EC19990161 O121:H19, EC19960949 O128:NM, EC19970327 O103:H2, EC19940040 O45:H2,
and EC20030053 O111:NM from each serogroup formed strong biofilms on polystyrene at 22 ◦C
and 37 ◦C [21]. This finding coupled with the previous studies motivated us to further explore
their biofilm-forming abilities on stainless steel, since it is the most common contact surface used
in food-processing plants. In addition, we included a representative O157 strain of phage type 14a,
which is the predominant phage type isolated from humans in Canada. Therefore, the objective of this
study was to investigate the biofilm forming potential of STEC over time on stainless steel surfaces at
different temperatures.

2. Materials and Methods

2.1. Bacterial Strains and Cultivation

EC20020170 O113:H21, EC19990166 O145:H25, EC20010076 O91:H21, EC19970119 O26:H11,
EC19990161 O121:H19, EC19960949 O128:NM, EC19970327 O103:H2, EC19940040 O45:H2, EC20030053
O111:NM, and EC2011007 O157:H7 were kindly provided by Dr. Roger Johnson of the Public Health
Agency of Canada (Guelph, ON, USA). All strains were streaked onto Lysogeny broth (LB) agar
(Sigma-Aldrich, Oakville, ON, USA) and incubated at 37 ◦C for 18 h. An isolated colony was then
inoculated into 10 mL of Minimal Salt (M9) broth (Sigma-Aldrich) supplemented with 0.4% glucose,
0.02% MgSO4, and 0.001% CaCl2 (w/v) and grown at 37 ◦C, on a rocker platform at 180 rpm for 18 h.
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2.2. Biofilm Formation

Type-304 stainless steel coupons (No. 2b finish, 2.54 cm × 7.62 cm × 0.081 cm, Biosurface,
Bozeman, MT, USA) were used to assess biofilm formation. Prior to use, coupons were soaked in 10%
bleach (0.5% hypochlorite) for 24 h. This was followed by rinsing three times with sterile distilled
water to remove residual hypochlorite and then dried in the biosafety cabinet. Coupons were then
treated with 70% ethanol and air-dried for 5 min at room temperature. Lastly, the coupons were
autoclaved at 121 ◦C for 15 min.

To assess biofilm formation, a conventional static assay was used with minor modifications [22].
Briefly, overnight STEC cultures were diluted in M9 medium to achieve a final concentration of
7 log CFU/mL. Subsequently, 20 mL of the diluted cultures were introduced into 50 mL falcon tubes
containing a sterile stainless steel coupon. The tubes were loosely capped and incubated at 13 ◦C or
22 ◦C for 24, 48, or 72 h at which point biofilm formation was assessed. Two replicate coupons for each
strain were evaluated, and coupons in un-inoculated medium were used as negative controls. Data are
presented as the average of three independent trials.

2.3. Crystal Violet Staining

Following incubation, the coupons were carefully removed from the growth medium using
sterile forceps, gently tapped against the side of the falcon tube to remove excess liquid, and rinsed
three times with 25 mL of sterile filtered water to remove loosely-adherent bacteria. Subsequently,
the coupons with attached bacterial cells were fixed with 25-mL absolute methanol (analytical grade,
>99%, Sigma-Aldrich) for 15 min. Coupons were air-dried for 2 min, and stained with 0.5 % (w/v)
crystal violet solution (Sigma-Aldrich) for 15 min, which was followed by three washes with distilled
water and air-drying. The dye bound to the biofilm was then dissolved with 25 mL of 33% glacial
acetic acid (Sigma-Aldrich) and measured at a wavelength of 590 nm using a spectrophotometer as
described previously [21].

2.4. Enumeration of the Planktonic and Attached Cells

To enumerate the planktonic cells after each period, 1 mL of the cell suspension was pipetted from
the falcon tubes, serially diluted with 10 mM phosphate buffered saline (PBS, pH 7.4), plated on LB agar,
and incubated at 37 ◦C for 18 h. To recover the attached bacterial cells, the coupons were rinsed three
times with sterile water, immersed into 25 mL of sterile PBS, and sonicated at 20 kHz for 10 min. After
sonication, the tubes containing coupons were vigorously vortexed for 1 min, and 1 mL of the bacterial
suspension was serially diluted, plated on LB agar, and incubated at 37 ◦C for 18 h. Bacteria were
enumerated and the results were expressed as the average of the data from three independent assays.

2.5. SEM Analysis

Based on the above assays, three strong biofilm formers (strains O113, O145 and O91) were further
observed by scanning electron microscopy (SEM), as described previously [23]. Coupons with biofilms
were rinsed three times as described above, air-dried, and then fixed in 2.5 % glutaraldehyde (v/v)
for 24 h. Subsequently, the samples were dehydrated in a series of ethanol dilutions (v/v) (i.e., 10%,
30%, 50%, 70%, 90%, and 100%) and isobutyl alcohol dilutions (v/v) (i.e., 10%, 30%, 50%, 70%, 90%,
and 100%). The samples were then treated with 100% (v/v) hexamethyldisilazane for 10 min and
coated with gold using a sputter coater and visualized using a SEM (HITACHI S-4800, Japan).

2.6. Statistical Analysis

Results from biofilm formation were compiled from the three independent experiments. Data were
reported as the averages of replicates ± the standard deviation. The student’s t-test and one-way
ANOVA with the SPSS software (19.0, IBM, Armonk, NY, USA) were used to calculate P values among
treatment groups. Significant differences were presented at a 95% confidence level (P ≤ 0.05).
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3. Results

3.1. Growth of the Planktonic Cells in M9 Medium

As shown in Figure S1, all strains grew well and exhibited similar growth patterns at 22 ◦C,
which reached the stationary phase within 24 h at about 9 log CFU/mL, but, at 13 ◦C, it required 72 h
for cultures to reach an average of 8.5 log CFU/mL.

3.2. Biofilm Formation by STEC on a Stainless Steel Surface

The STEC isolates differed in their ability to form biofilms on stainless steel (Figure 1A). Based on
the OD590nm produced by biofilms, strains were classified as no biofilm, weak, moderate, or strong
biofilm producers, as previously described [24]. The cutoff optical density value (ODc) of 0.043 was
three standard deviations above the mean OD of negative controls. Isolates were classified as no
(A590 < 0.043), weak (0.086 > A590 > 0. 043), moderate (0.172 > A590 > 0.086), or strong biofilm formers
(A590 > 0.172; Figure 1B). At 22 ◦C, O113 exhibited the highest biofilm-forming capacity (P < 0.05),
followed by O145, O91, O157, and O121, respectively. The isolates from serogroups O26, O103, O128,
O111, and O45 formed only weak biofilms. We also found that the attached biomass of strains O113,
O145, O91, O157, and O121 decreased (P < 0.05) with incubation time at 22 ◦C (Figure 1B). Compared
to 22 ◦C, the biofilm formation of isolates from serogroups O113, O145, O91, O157, and O121 decreased
(P < 0.05) at 13 ◦C. Only the isolate from serogroup O113 formed a moderate biofilm at 13 ◦C after 72 h
of incubation.

3.3. Enumeration of the Biofilm Cells

Populations of biofilm cells of strains O113, O145, O91, O157, and O121 all reached approximately
7.0 log CFU/cm2 at 22 ◦C after 24 h, but consistently decreased (P < 0.05) to less than 5.9 log CFU/cm2

by 72 h (Figure 2). The number of biofilm cells for these five isolates ranged from 2.0 to 3.3 log CFU/cm2

at 13 ◦C at 24 h, achieving 5.5 to 6.4 log CFU/cm2 over 72 h. In contrast, there was no difference in the
number of biofilm cells of O111, O128, O103, O26, and O45 at 22 ◦C, with the concentration remaining
between 4.1 to 4.9 log CFU/cm2. However, the populations of these five isolates did increase from 1.1
to 3.1 log CFU/cm2 at 24 h and from 4.1 to 4.8 log CFU/cm2 after 72 h at 13 ◦C.
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Figure 1. Biofilm formation of 10 STEC strains on a stainless steel surface. (A) Biofilms of 10 STEC
strains were stained by crystal violet after incubation at 22 ◦C for 24 h. The arrow shows that some
strains formed a dense pellicle at the air-liquid interface. (B) Biofilm formation of 10 STEC strains in
M9 medium at 22 ◦C or 13 ◦C after 24, 48, and 72 h. The vertical axis represents the average of OD
values, determined at 590 nm. Horizontal lines represent the cutoff values between weak, moderate,
and strong biofilm producers. The cutoff optical density value (ODc) of 0.043 is defined as three
standard deviations above the mean OD of the negative controls. Strains were classified as OD ≤ ODc
(0.043), no biofilm producer, ODc < OD ≤ 2 × ODc, weak biofilm producers, 2 × ODc < OD ≤ 4 ×
ODc, moderate biofilm producers, and 4 × ODc < OD, strong biofilm producers. OD, optical density,
STEC, Shiga toxin-producing E. coli. Asterisk denotes significant difference (P < 0.05).

 
Figure 2. Number of biofilm cells of the 10 STEC isolates after incubation at 22 ◦C and 13 ◦C for 24, 48,
and 72 h. Asterisk denotes a significant difference (P < 0.05).

3.4. SEM Observation

Overall, biofilms formed by O113 (Figure 3), O145 (Figure 4), and O91 (Figure 5) at 13 ◦C were
dramatically different from those formed at 22 ◦C. At 22 ◦C, the biofilms of strains O113, O145, and O91
consisted of multiple layers of bacterial cells and completely covered the surface of the stainless
steel coupon. However, the biofilms decreased with increasing incubation time (Figure 3, Figure 4,
and Figure 5). At 72 h, although there were still some cells attached to the surface, they remained
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in monolayers and were sparsely distributed on the surface. In contrast, no cell aggregates of O113,
O145, and O91 were observed on the stainless steel coupon at 13 ◦C after 24 h, with only sporadic cell
aggregates observed on the surface of stainless steel after 72 h.

Figure 3. Representative SEM images of O113 biofilm grown in M9 medium at 22 ◦C and 13 ◦C for 24,
48, and 72 h on stainless steel coupons. Bar = 20 μm.

Figure 4. Representative SEM images of O145 biofilm grown in M9 medium at 22 ◦C and 13 ◦C for 24,
48, and 72 h on stainless steel coupons. Bar = 20 μm.
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Figure 5. Representative SEM images of O91 biofilm grown in M9 medium at 22 ◦C and 13 ◦C for 24,
48, and 72 h on stainless steel coupons. Bar = 20 μm.

4. Discussion

Biofilms are recognized as one of the major strategies that bacteria utilize to support survival
under adverse environmental conditions [25]. Bacteria can form biofilms on a wide variety of surfaces
and at air-liquid or liquid-solid interfaces [26,27]. Stainless steel surfaces are widely used in food
processing plants [28,29]. However, previous studies have shown that the adhesion of Salmonella
to stainless steel was significantly higher than to other materials such as rubber and polyurethane
surfaces in processing plants [30]. Stainless steel appears smooth to the unaided eye, but it is actually
irregular and can harbor bacterial cells when viewed under a microscope [29].

In this study, the capacity of the 10 STEC isolates varied in their ability to form biofilms on
stainless steel (Figure 1A). Similar strain-dependent results were obtained from a study that compared
the biofilm-forming ability on polystyrene of 18 O157:H7 strains and 33 non-O157 strains belonging to
serogroups O26, O111, O103, and O145 [31]. Another feature of biofilm formation in the current study
was that the isolates capable of forming biofilms formed a dense pellicle at the air-liquid interface
on stainless steel (white arrows in Figure 1A). It is known that STEC biofilm formation is influenced
by a variety of factors, including the characteristics of the strains, nutrient availability, temperature,
and other environmental conditions [9]. Under our experimental conditions, the combination of
oxygen and moisture available at the air-liquid interfaces may have played an important role in biofilm
formation, which is an observation supported by others [20].

Of the 10 isolates that were previously identified as capable of forming strong or moderate biofilms
on polystyrene at 22 ◦C [21], five strains (O113, O145, O91, O157, and O121) were able to form strong or
moderate biofilms on stainless steel at this temperature. This indicates that these bacterial isolates can
survive on various food-contact surfaces, which increases the likelihood that they could contaminate
food. However, the lack of ability for the other five strains (O45, O111, O26, O103, and O128) to form
strong biofilms on stainless steel may be due to a number of factors. First, the properties of attachment
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surface may affect the binding strength of bacteria to the substrate. Second, the differences in the
nutrient composition of media might be a contributing factor considering the fact that our previous
study was conducted using LB broth [21,32], whereas M9 medium was used to grow the bacteria that
formed biofilms in the current study.

At 22 ◦C, the attached biomass of strains O113, O145, O91, O157, and O121 decreased with
increasing incubation time. This reduction in biofilm cells was further confirmed by representative
SEM images of O113, O145, and O91 (Figure 3, Figure 4, and Figure 5). Based on our previous
studies [21], the biofilms of strains O113, O145, O121, O45, and O103 increased on polystyrene with
incubation time, so it was expected that the density of biofilm cells of these strains would also increase
on stainless steel over time. Previous studies demonstrated a linear increase in E. coli biofilm formation
on stainless steel at 23 ◦C [33] and 15 ◦C [6] up to 24 h. However, some studies observed a reduction
in cell density in biofilms after 48 h [33]. These findings suggest that the biofilm medium plays a
major role in the biofilm phenotype. Under static conditions, a lack of nutrients and metabolic waste
accumulation in M9 during incubation may contribute to a decrease in biofilm surface populations [5].
Moreover, daughter cells of attached bacteria are often released from the surface upon completion of
cell division [34]. These released cells may remain in a planktonic state, which leads to a decrease in
STEC biofilm formation. Otherwise, the release of cells from STEC biofilm on stainless steel might
have occurred at higher cell densities than during biofilm growth on polystyrene since biofilm cell
numbers of STEC continued to increase at 22 ◦C [21]. Biofilms formed on stainless steel dislodge at a
faster rate than those on highly hydrophobic acrylic surfaces [35]. Compared to polystyrene, stainless
steel surfaces are hydrophilic and negatively charged at a neutral pH. Since bacteria are also typically
negatively charged, this surface may be less conducive to microbial colonization. In weakly charged
liquids, the repulsive electrostatic forces are significant [32,36].

Low temperatures (5–15◦C) are generally maintained in meat processing environments [37].
Therefore, the potential for STEC strains to develop biofilms on stainless steel at 13 ◦C was examined.
Compared to 22 ◦C, the biofilm formation of strains O113, O145, O91, O157, and O121 was dramatically
inhibited at 13 ◦C. As previously reported, temperature influences the biofilm-forming capacity of
isolates [9]. Weak biofilm formation at lower temperatures could be due to the presence of fewer
planktonic cells at 13 ◦C than at 22 ◦C (Figure S1). Another explanation could be that biofilm cells
grew slower at lower temperatures, which results in weaker biofilms at 13 ◦C than at 22 ◦C. These
findings are in agreement with Dewanti and Wong [38], who observed stronger biofilm formation
by STEC O157:H7 on stainless steel at 22 ◦C than at 10 ◦C. Furthermore, the surface properties of
STEC at 13 ◦C may be different from that grown at 22 ◦C. It has been shown that the cell surface
hydrophobicity and fimbriae production of E. coli and Salmonella are temperature-dependent [39–41].
Adrian et al. reported that higher temperature increased the cell surface hydrophobicity level in STEC
isolates [40], which is positively correlated with biofilm formation [42,43]. Furthermore, Walker et al.
demonstrated that fimbriae in Salmonella were not produced at temperatures below 20 ◦C [41], which
reduced bacterial attachment to commonly used food processing surfaces [44,45]. We also found that,
over 72 h of incubation, only strain O113 formed a moderate biofilm at 13 ◦C. This biofilm-forming
capacity of O113 may contribute to its persistence in the processing environment and influence its high
relative incidence [46].

5. Conclusions

The findings in this study indicated that STEC isolates form biofilms in a strain-dependent manner
and the process was affected by various environmental factors such as temperature, atmosphere,
and incubation time. Of the ten isolates previously shown to readily form biofilms on polystyrene,
only strains O113, O145, O91, O157, and O121 formed moderate to strong biofilms on stainless
steel at 22 ◦C. At 13 ◦C, biofilm formation by strains O113, O145, O91, O157, and O121 decreased,
which indicates that low temperature environments will reduce STEC biofilm formation on food
contact surfaces. Further studies are underway to assess the ability of these strains to form biofilms in
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meat processing environments and to identify methods to remove and prevent biofilm development
as a means of reducing the risk of food contamination.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/7/4/95/s1.
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Abstract: The inactivation of Escherichia coli O157:H7 (E. coli) in physiological saline and lotus roots
by high hydrostatic pressure (HHP) in combination with CO2 or N2 was studied. Changes in the
morphology, cellular structure, and membrane permeability of the cells in physiological saline after
treatments were investigated using scanning electron microscopy, transmission electron microscopy,
and flow cytometry, respectively. It was shown that after HHP treatments at 150–550 MPa, CO2-packed
E. coli cells had higher inactivation than the N2-packed and vacuum-packed cells, and no significant
difference was observed in the latter two groups. Further, both the morphology and intracellular
structure of CO2-packed E.coli cells were strongly destroyed by high hydrostatic pressure. However,
serious damage to the intracellular structures occurred in only the N2-packed E. coli cells. During
HHP treatments, the presence of CO2 caused more disruptions in the membrane of E. coli cells than
in the N2-packed and vacuum-packed cells. These results indicate that the combined treatment
of HHP and CO2 had a strong synergistic bactericidal effect, whereas N2 did not have synergistic
effects with HHP. Although these two combined treatments had different effects on the inactivation of
E. coli cells, the inactivation mechanisms might be similar. During both treatments, E. coli cells were
inactivated by cell damage induced to the cellular structure through the membrane components and
the extracellular morphology, unlike the independent HHP treatment.

Keywords: high hydrostatic pressure; carbon dioxide; nitrogen; modified atmosphere packaging;
Escherichia coli

1. Introduction

During the last decade, some mild and efficient food preservation technologies have been
developed to satisfy the growing consumer demands for minimally processed and preservative-free
food products [1]. Among these technologies, high hydrostatic pressure (HHP) processing technology
is a new, commercially successful nonthermal technology that meets these consumer demands to some
extent while retaining the sensorial and nutritional properties of freshly prepared foods [2]. Compared
with conventional technologies, HHP can inactivate food spoilage and pathogenic microorganisms at
room temperature, extend the shelf life of foods, and reduce damage to heat-sensitive food components
and the formation of harmful food components such as heterocyclic amines (HCAs) caused by high
temperature [3–5]. In addition, unlike thermal processing and other preservations, pressure can
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penetrate the entire food product to inactivate both surface and internalized microorganisms and acts
instantaneously and uniformly throughout foods regardless of size, shape, and geometry [6,7].

However, two main deficiencies of HHP treatment exist that limit its commercial use in low-acid
foods. One is the economic costs of the high-pressure equipment that can reach pressures up to
600 MPa or more, which are required to efficiently inactivate microorganisms in food [8]. The other is
its weak inactivation of bacterial spores, the most resistant cell type known. At room temperature,
high-pressure food processes have been reported to be effective in reducing or inactivating vegetative
pathogens, human rotavirus, hepatitis A virus, and calicivirus in foods [5], but even ultra-high pressure
levels (1000 MPa) are not effective at inactivating bacterial endospores [9]. In order to overcome
these critical drawbacks of HHP, various preservative factors (hurdles) to increase or accompany the
efficacy of pressure-induced inactivation of microorganisms have been thoroughly studied, including
moderate temperature, pH, modified atmospheres, other nonthermal food processing methods, and
antimicrobial agents such as nisin [10–13].

The combination of HHP and modified atmosphere packaging (MAP) as an effective synergistic
treatment that has attracted much attention [14]. Modified atmosphere packaging (MAP) is a
well-established technology that is generally used for extending the shelf-life of minimally processed
foods by replacing the surrounding atmosphere of the food with a gas mixture. The gas mixture usually
includes the bactericidal gas CO2 and the comparatively inert gases of N2 and O2. It is reported that
microbial growth could be inhibited by compressed gas (CO2, Kr, Xe, and N2O) over a range of pressures
(1.5 to 5.5 MPa) [15,16]. Also, combining modified atmosphere packaging (50% O2 + 50% CO2) with
low high pressure (150 MPa) was investigated for shelf-life extension of carrots, and it was found
that spoilage microorganisms and pathogens are more susceptible to being inactivated by HHP in the
presence of gas [17]. Furthermore, due to the bacteriostatic effect of CO2, pressurized CO2, known as
high-pressure carbon dioxide (HPCD), whose pressure level is less than 100 MPa, has been widely
used to inactivate microorganisms in foods and has become an alternative nonthermal pasteurization
technique for foods [18].

In recent years, the synergistic effect of antimicrobial gas (CO2) and HHP, in which the pressure
level is more than 100 MPa, has been extensively reported in the literature [19–21]. The inactivation
effect of HHP on bacteria was greatly enhanced by using a new setup to dissolve and retain the
concentration of CO2 in fruit juices [22]. Further, low- or medium-acid fruit and vegetable juices treated
with a combination of HHP and dissolved CO2 were also effectively preserved. More importantly, when
using CO2 in combination with HHP, the treatment pressure could be reduced without compromising
a reduction in microbial count.

However, how this treatment synergistically inactivates the valid objective microorganisms is
unexplored. Furthermore, the mechanism of this synergic effect remains elusive. Thus, we determined
the effect of high nitrogen (N2) and high carbon dioxide (CO2) on the inactivation effect of high pressure
on Escherichia coli O157:H7. We investigated the morphology and cellular structures by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and flow cytometry (FCM) to
provide more evidence for the microbial inactivation mechanism of HHP treatment combined with gas.

2. Materials and Methods

2.1. Bacterial Strain and Culture Conditions

A stock culture of E. coli (CGMCC1.90), obtained from the China General Microbiological Culture
Collection Center (CGMCC, Beijing, China), was maintained on nutrient agar (NA) plates (Beijing
Aoboxing Biological Technology, Beijing, China). The E. coli inoculum was made by transferring a
single colony to 20 mL of nutrient broth (NB, Beijing Aoboxing Biological Technology, Beijing, China),
which was shaken at 170 rpm at 37 ◦C for 12 h to obtain cells in stationary phase. Cultures were
inoculated by transferring a 1% (v/v) inoculum to 1.5 L nutrient broth and continuing growth under
the same conditions as described above for 2.5 h to obtain cells in the middle exponential phase. Cells
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were harvested, washed twice in sterile physiological saline (PS, 0.85% NaCl solution, pH 6.80) and
resuspended in PS. For some samples, E. coli cells were resuspended in sterilized lotus root sauce.
Sterilized lotus root sauce was prepared by the following procedure. At first, the lotus root was
homogenized by the beating machine. Then, the acquired sauce was autoclaved at 121 ◦C. The final
number of E. coli cells generally ranged from 107 to 108 CFU per milliliter (mL).

2.2. Packing and HHP Processing

A 50 mL E. coli cell suspension was transferred to ultraviolet-sterilized polyethylene terephthalate
(PET) trays (200 mL) and then conditioned under 100% CO2 or 100% N2 using a DT-6A modified
atmosphere packaging machine (Dajiang machinery equipment CO., Ltd., Zhejiang, China). The other
cell suspensions were transferred to sterile polyethylene plastic bags, vacuum packed, and stored at
4 ◦C for less than 1 h before treatment.

These samples were treated in a hydrostatic pressurization unit (HHP-750, Baotou Kefa Co.,
Ltd., Inner Mongolia, China) with a chamber of 30 L capacity. The pressure-transmitting fluid was
water. The treatment time in this study did not include the pressurization and depressurization times.
The prepared samples were placed in the pressure vessel and treated at 150, 250, 350, 450, and 550 MPa
for 1 min at room temperature.

2.3. Determination of Viable Cells

Treated and untreated samples were serially diluted and surface plated on NA agar plates (Oxoid,
Basingstoke, UK). Plates were incubated at 37 ◦C for 24 h, and then the colonies were enumerated.
Survival was expressed as the logarithmic viability reduction log10 (Ni/N0) with N0 and Ni representing
the colony counts before and after HHP treatment, respectively. Survival counts are presented as
averages ± standard deviation of three independent experiments.

2.4. SEM and TEM Analysis

According to previous methods [23,24], a suspension of E. coli cells was centrifuged at 8000× rpm
for 10 min at 4 ◦C, the supernatant was removed, and then the pellet was resuspended in 2.5% (v/v)
glutaraldehyde solution to fix for 12 h. After fixation, the cells in suspension were washed several
times with 0.1 M phosphate buffer (PBS, pH 7.2) and fixed again by 1% osmium tetroxide solution
(pH 7.2). After 1.5 h, the cells were washed in PBS three times and dehydrated 10 min each with a
series of cold ethanol solutions (10%, 30%, 50%, 75%, and 95%). For the SEM assay, the dehydrated
cells were rinsed with 50%, 70%, 90%, and 100% isoamyl acetate for 3 min each, critical point dried,
and coated with gold–palladium for 60 s. Observations and photomicrographs were carried out with
a Hitachi S-3400 N SEM (Hitachi Instruments Inc., Tokyo, Japan) and a JEM-1230 TEM (JEOL Japan
Electronics Co., Ltd., Japan).

2.5. FCM Analysis

The FCM analysis of untreated cells (negative control), 75% isopropanol-treated cells (positive
control), and the above-treated cells were measured as described by previous studies [23,25]. Cell
suspensions were washed twice with physiological saline, resuspended in physiological saline, and
adjusted to 108–109 CFU/mL. Then, 0.15μL of dye mixture containing equivalent SYTO9 (Sigma-Aldrich,
St. Louis, MO, USA) and propidium iodine (PI, Sigma-Aldrich, USA) were added to 50 μL of the cell
suspensions and incubated for 20 min at room temperature in the dark. After that, the cells were
immediately analyzed with a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA)
and about 30,000 cells were collected in each run. Forward scatter and side scatter were collected, and
the fluorescence signals were collected in the FL1 (green fluorescence of SYTO9 at 502 nm) and FL2
(red fluorescence of PI at 613 nm) channels [26] using Cell Quest software (Becton Dickinson, San Jose,
CA, USA).
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2.6. Statistical Analysis

All experiments were repeated at least three times. All data were statistically analyzed using
Microcal Origin 8.1 (Microcal Software, Inc., Northampton, MA, USA).

3. Results and Discussion

3.1. Inactivation of E. coli in Buffer and Lotus Root Suspension

The inactivation of vacuum-packed, N2-packed, and CO2-packed E. coli cells subjected to high
pressure at 150–550 MPa at room temperature for 1 min is shown in Figure 1a. When the pressure was
at 150 MPa, there was no significant difference in inactivation levels among these cells, as indicated by
less than 2 logs of inactivation for them (Figure 1a). This indicated that the synergistic effect of low high
pressure and gas on the inactivation of E. coli cells did not occur. However, the reduction in cell counts
of CO2-packed E. coli cells was about 1, 4, and 2 logs more than that of vacuum-packed and N2-packed
cells at 250 MPa, 350 MPa, and 450 MPa, respectively (Figure 1a). Furthermore, a reduction of more
than 8 log units, the detection limit, was achieved at 350 MPa for CO2-packed cells; the pressure for a
similar inactivation effect for vacuum-packed and N2-packed cells was 550 MPa (Figure 1a). Thus, we
conclude that the combined treatment of moderately high pressure (250–450 MPa) and CO2 showed a
strong synergistic bactericidal effect.

Next, we sought to determine whether the similar inactivation kinetics of HHP combined
with gases also exist in E. coli cells suspended in lotus root. Comparing the results in Figure 1a,b,
the inactivation levels of samples with three packages were 1 to 3 logs in lotus root less than in buffer
at 150 MPa to 450 MPa. This observation that inactivation of E. coli by different treatments was more
extensive in the buffer than in the lotus root under all conditions may be because a complex matrix
has a protective effect on bacterial inactivation compared with a buffer system [27,28]. However,
the reduction of CO2-packed E. coli in lotus root was also more than in vacuum-packed and N2-packed
cells at 250 MPa, 350 MPa, and 450 MPa (Figure 1b).

Figure 1. Inactivation of differently packed E. coli cells suspended in physiological saline by treatment
with different pressures (a); Inactivation of differently packed E. coli suspended in lotus roots pulps by
treatment with different pressures (b).

It was reported that the combined treatment with HHP and dissolved CO2 effectively preserved the
low- or medium-acid fruit and vegetable juices compared with HHP treatment [21]. Further, a synergistic
effect of the combination of HHP and CO2 against microorganisms inoculated in poultry sausages was
found [20]. This synergistic effect may be due to the increased penetration of CO2 into the microorganism
cells under high pressure. Therefore, we can conclude that the combined application of high pressure and
different gases would have different effects on inactivating E. coli. The presence of CO2 could significantly
enhance the inactivation of E. coli treated with high pressure, which was obvious at a moderately high
pressure. Nevertheless, the presence of N2 did not affect the inactivation at high pressure.
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3.2. The Morphology and Intracellular Structure Changes of E. coli Cells Treated with High Pressure Combined
with Gas

From the above results, the inactivation of E. coli cells by high pressure was indeed affected by gases,
which is obvious at 250, 350 MPa, and 450 MPa (Figure 1). Therefore, we used scanning electron microscopy
to examine changes in the morphology of CO2-packed, N2-packed, and vacuum-packed E. coli cells in
buffer exposed to these pressures. The untreated E. coli cells showed a morphology with a regular rod shape
and smooth surface (Figure 2a). After high-pressure treatment at 250 MPa or 350 MPa, both the vacuum-
and N2-packed E. coli cells had a similar morphology to the untreated samples (Figure 2b,d,e,g); however,
the CO2-packed cells were collapsed and exhibited holes and wrinkles on the surface (Figure 2c). When
the treating pressure increased to 450 MPa, N2-packed E. coli cells were still intact and exhibited similar
morphology to that at 250 MPa and 350 MPa (Figure 2d,g,j), while a portion of the vacuum-packed E. coli
cells was broken and showed cellular debris. Of note, the morphology of CO2-packed E. coli suspensions
was further damaged as shown by noticeable hollows, wrinkles, or holes on their surface, and the cellular
debris that was caused by cell breakdown (Figure 2f,i).

Figure 2. The scanning electron microscopy (SEM) images of differently packed E. coli before and
after different pressure treatments. Untreated E. coli cells (a); vacuum-packed (b), CO2-packed (c), and
N2-packed (d) E. coli cells after high hydrostatic pressure (HHP) treatment at 250 MPa: Vacuum-packed
(e), CO2-packed (f) and N2-packed (g) E. coli cells after HHP treatment at 350 MPa; Vacuum-packed (h),
CO2-packed (i) and N2-packed (j) E. coli cells after HHP treatment at 450 MPa. Red arrows represent
the remarkable phenotypes.
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As shown in the above results, while N2-packed E. coli cells were seriously inactivated by different
pressure treatments (2 to 5 log units), their morphology remained stable (Figures 1 and 2d,g,j). This apparent
contradiction may be because N2 is an inert gas and does not dissolve in the water phase, which can
induce two phases at high pressure—a water phase and a gas phase [29]. Therefore, destruction of the
morphology induced by HHP processing may be decreased in this complex two-phase system. In addition,
compressed N2 may penetrate the cell to balance between the internal and external environment, which
has an additional protective effect on morphology.

The effects of HHP treatment combined with gas on the intracellular structure of E. coli cells were
assessed by transmission electron microscopy. The exposure of vacuum-packed cells to pressures
ranging from 250 MPa to 450 MPa induced a slight increase in transparency within the nucleoid areas
and the presence of aggregated proteins (Figure 3b,e,h). Although N2-packed cells showed similar
changes in cellular structure to the vacuum-packed cells at 250 MPa (Figure 3b,d), the intracellular
damage exhibited by N2-packed cells was more noticeable than with the vacuum-packed cells at 350
and 450 MPa. This was evidenced by the apparent disorganization of the genome area, the appearance
of blank space in the cytoplasm and the condensation of the cytoplasmic material, and the serious
intensity and frequency of protein aggregation within the cell cytoplasm (Figure 3g,j). However,
the membranes of the N2-packed cells were organized, whereas the membranes of the vacuum-packed
cells displayed winding shapes, and some of them were disrupted or detached from the cytoplasmic
content (Figure 3b,d,e,g,h,j). Remarkably, the CO2-packed cells showed the most damage of the
intracellular structures from high-pressure treatment (Figure 3c,f,i). When the treatment pressure
increased, the distribution of the amorphous structures became uneven and the genome area was
disorganized. Also, there were large clumps of aggregated protein in the cells. The intensity of the
damage of the intracellular structures and the weak wrinkling membranes of the CO2-packed cells
increased (Figure 3c,f,i).

Taken together, both the morphology and intracellular structure of CO2-packed E. coli cells were
more strongly destroyed by high pressure. Known as the most important gas in MAP, CO2 can
dissolve in the water phase to form carbonic acid (H2CO3) to lower the pH or to inhibit the growth
of bacteria [18,30,31]. Combined with HHP, this compressed CO2 dissolved in the liquid state could
more easily penetrate the cells [30]. This not only triggered the higher expansion on the sudden
release of high pressure to cause more serious cell disruption and membrane damage (morphology
damages) but also resulted in the decrease of intracellular pH and disturbance of homeostasis, as well
as the extraction of microbial constituents (intracellular structure damage) [32,33]. Also, the major
sites of action for CO2 and HHP treatment were in the cell membrane, and highly-compressed CO2

could more easily dissolve in and distort these regions [34]. This might explain why CO2-packed
samples by high pressure obtained higher reductions in microbial counts and heavier destruction of
the morphology and cellular structures than those treated with HHP alone. However, for N2-packed
E. coli cells, the intracellular structure was seriously damaged because it is highly hydrophobic and
could dissolve in and distort the cellular core to upset hydrophobic interactions in the proteins [15], but
their morphology remained unchanged during HHP treatment. This may explain why the reduction
in the N2-packed E. coli cells was less than that of the CO2-packed cells.

Thus, it seems that HHP treatment combined with CO2 might inactivate microorganisms by
destroying the cellular structure, accompanied by cell rupture. In contrast, the N2-packed cells were
possibly inactivated by HHP through destruction of the cellular structure.

71



Microorganisms 2019, 7, 154

Figure 3. The transmission electron microscopy (TEM) images of differently packed E. coli before and
after different pressure treatments. Untreated E. coli cells (a); vacuum-packed (b), CO2-packed (c),
and N2-packed (d) E. coli cells after HHP treatment at 250 MPa: Vacuum-packed (e), CO2-packed
(f) and N2-packed (g) E. coli cells after HHP treatment at 350 MPa; Vacuum-packed (h), CO2-packed
(i), and N2-packed (j) E. coli cells after HHP treatment at 450 MPa. Red arrows represent the
remarkable phenotypes.

3.3. Membrane Permeability of E. coli Cells

For an analysis of the membrane damage in E. coli cells caused by high pressure, FCM combined
with PI and SYTO9 was used. Comparing the profiles of the untreated and HHP treated cells, three
groups were distinguished, and then regions were constructed to enumerate events within each group
using the CellQuestTM program (Figure 4). Region 1 (R1) corresponded to the living cells with intact
membranes (Figure 4). Region 2 (R2) was assigned as E. coli cells with unknown cultivability, which
were in an intermediate state between dead cells and living cells, having damaged membrane and
medium membrane permeability (Figure 4). Region 3 (R3) referred to the inactivated E. coli cells
with fully damaged membranes, exhibiting high membrane permeability (Figure 4). After a 1-min
pressure-holding time at 250 MPa, the majority of the CO2-packed E. coli cells was located in R3, which
were higher than that of the N2-packed cells and vacuum-packed cells located in R3 (Figure 4c–e).
For the pressure ranging from 350 MPa to 450 MPa, although there were no significant differences
in the proportion of cells in R3 among these treatments, the counts in the other two regions nearly
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disappeared for the combined treatment of HHP and CO2, while they still made up a small proportion
in the N2-packed cells and vacuum-packed cells (Figure 4f–k). These results confirmed the synergistic
effect of HHP treatment with CO2 on E. coli inactivation.

Figure 4. Flow cytometric analysis of E. coli differently packaged before and after different pressure
treatments. Negative (a) and positive (b) E. coli cells; Vacuum-packed (c), CO2-packed (d), and
N2-packed (e) E. coli cells after HHP treatment at 250 MPa: Vacuum-packed (f), CO2-packed (g), and
N2-packed (h) E. coli cells after HHP treatment at 350 MPa; Vacuum-packed E. coli cells (i), CO2-packed
(j) and N2-packed (k) E. coli cells after HHP treatment at 450 MPa.
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Surprisingly, the vacuum-packed cells treated with high pressure transferred directly from R1 to
R3 and did not go through R2 (Figure 4c,f,i). However, in the presence of gas, the HHP-treated cells
transitioned from R1 to R2 and then to R3 as the pressure increased (Figure 4d,e,g,h,j,k). This indicated
that the combined use of HHP and gases (CO2 and N2) induced intermediate cells. This may be due to
the mechanism of inactivation of E. coli cells by HHP combined with modified atmosphere packaging,
which seems to be different from that of HHP alone.

Here, we show that the morphology of the N2-packed E. coli cells did not change at different
pressures but its inner structure was seriously damaged. Also, although both the morphology and
intracellular structure of the CO2-packed E. coli cells were strongly destroyed by the high pressure, this
damage of the morphology may have been caused by damage to the inner structure. Furthermore,
both the CO2-packed and N2-packed E. coli cells went through an intermediate phase during the high
pressure. Based on our results, we propose the following model for the inactivation of cells by combing
gas and high pressure. First, the combined use of HHP and gas facilitates the penetration of gas into the
E. coli cells, which disturbs the intracellular reactions and causes clusters of proteins and the disruption
of intracellular enzymes and organelles. Second, a sudden release in pressure ruptures the cells and
damages their membranes, leading to the leakage of cytoplasm components. Therefore, this combined
treatment might induce a series of cellular damage at first and then act on the membrane components
and the extracellular morphology, unlike the independent HHP treatment that directly ruptures the cell
membrane and then leads to the loss of internal substances, which would result in bacterial death [29].

4. Conclusions

In this study, the effect of the combination of HHP and gases to inactivate E. coli has been studied.
The combined use of HHP and CO2 had a strong synergistic effect on the inactivation of E. coli cells,
inducing serious destruction in the morphology and the membranes and cellular structure of the cells.
In contrast, the combined use of HHP and N2 showed a similar inactivation effect to HHP alone and
destroyed only the cellular structure and the membranes of the cells. Our results provide evidence
that the combination of HHP and gases has a different inactivation mechanism than that of HHP
treatment. In the presence of gas, the intracellular structure of the cells was damaged at first, and then
the membrane and extracellular morphology were destroyed because of the solution of gas and the
release of high pressure.
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Abstract: As many as 99% of illnesses caused by Listeria monocytogenes are foodborne in
nature, leading to 94% hospitalizations, and are responsible for the collective annual deaths of
266 American adults. The current study is a summary of microbiological hurdle validation studies to
investigate synergism of mild heat (up to 55 ◦C) and elevated hydrostatic pressure (up to 380 MPa)
for decontamination of Listeria monocytogenes and natural background microflora in raw milk and
phosphate-buffered saline. At 380 MPa, for treatments of 0 to 12 min, d-values of 3.47, 3.15, and 2.94
were observed for inactivation of the pathogen at 4, 25, and 50 ◦C. Up to 3.73 and >4.26 log CFU/mL
reductions (p < 0.05) of habituated Listeria monocytogenes were achieved using pressure at 380 MPa for
3 and 12 min, respectively. Similarly, background microflora counts were reduced (p < 0.05) by 1.3
and >2.4 log CFU/mL after treatments at 380 MPa for 3 and 12 min, respectively. Treatments below
three min were less efficacious (p ≥ 0.05) against the pathogen and background microflora, in the vast
majority of time and pressure combinations. Results of this study could be incorporated as part of
a risk-based food safety management system and risk assessment analyses for mitigating the public
health burden of listeriosis.

Keywords: Listeria monocytogenes; natural background microflora; raw milk; high-pressure pasteurization;
synergism of mild heat and pressure

1. Introduction

The epidemiological evidence, derived from the Centers for Disease Control and Prevention
(CDC) active surveillance data, indicates that every year in the United States 1591 illness episodes
occur due to infections with Listeria monocytogenes [1]. These illnesses are almost exclusively associated
with contaminated food products (i.e., about 99% of cases are foodborne in nature) and lead to
hospitalization in about 94% of cases. Among those hospitalized, 15.9% die annually, one of the highest
mortality rates associated with any foodborne pathogen [1,2]. CDC’s National Outbreak Reporting
System (NORS) also delineated that from 1998 to 2016 there have been at least 66 foodborne outbreaks
associated with Listeria monocytogenes, leading to 852 illnesses with >72% and >15% hospitalization,
and death episodes, respectively [3]. Fluid milk had been associated with recent outbreaks of
Listeria monocytogenes including a 6-month outbreak in Massachusetts in 2007, a 6-month multistate
outbreak in 2014, and an 11-month outbreak in Washington in 2014 [3]. This ubiquitous bacterial
pathogen has also created a plethora of consumer insecurity and public health challenges globally,
including a 2018 foodborne Listeriosis outbreak in South Africa, which has been categorized as the
largest foodborne outbreak in the recorded history of food safety [4]. The elderly, the very young,
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pregnant women, and immunocompromised are particularly considered as the at-risk population
for Listeriosis who comprise approximately 30% of the U.S. population [5]. Raw milk, ready-to-eat
products, and dairy products prepared using raw milk are some of the main vehicles for this pathogen
in the food chain [3,6].

Consumers of the 21st century have evolving demands and expectations from food products,
although consumption of raw milk is a major public health concern, many consumers in developed
economies are preferring this product due to their perception for greater healthfulness of raw milk,
improved digestion, nutritive value, and preferred organoleptic properties [7]. Although the sale
of raw milk had been prohibited in several states, many consumers receive the product through
legislative loopholes such as “cow-share” programs [7].

With recent advancements in engineering of high-pressure processing units, this technology is
gaining rapid adoption across various sectors of food manufacturing for assuring microbiological
safety and extending the shelf-life of various products, providing a clean label, as well as fresh-like
organoleptic properties of treated foods [8]. As such, the NACMCF (National Advisory Committee
on Microbiological Criteria for Foods) has recently recommended redefinition of pasteurization by
including high-pressure processing as a non-thermal pasteurization method [9].

The sales of pressure treated products had been in consistent increase in recent years and are
expected to surpass $9 billion annually in the United States [10]. Considering consumers’ demand
for minimally processed foods, the plethora of foodborne public health episodes associated with
Listeria monocytogenes, and the increasing momentum in adoption of high-pressure pasteurization in
the private food industry, the current study is a microbiological hurdle validation study to investigate
synergism of mild heat and elevated hydrostatic pressure for decontamination of raw milk from
the pathogen. The study further calculates inactivation indices in raw milk as well as in buffered
environment and provides information on decontamination of natural microflora (spoilage organisms)
of raw milk as affected by the treatments.

2. Materials and Methods

2.1. Listeria monocytogenes Strains, Preparation of Culture, and Inoculation

Four strains of Listeria monocytogenes (ATCC® numbers 51772, 51779, BAA-2657, 13932) were used
for inoculation of raw milk and phosphate-buffered saline in separate experiments. The bacterial
strains were chosen due to their public health significance, representing diverse ribotypes, PFGE
patterns, serotypes (1/2a, 1/2c, and 4b), and lineages [6]. For each strain separately, a loopful from
frozen glycerol stock was aseptically transferred into 10 mL Tryptic Soy Broth (Difco, Becton Dickinson,
Franklin Lakes, NJ, USA) supplemented with 0.6% yeast extract (TSB + YE) to minimize the acid stress
of the cells during preparation of overnight suspension [11]. This bacteriological medium has also been
previously used in high-pressure processing treatments to minimize the effect of acid stress during
culturing of bacterial inoculum [12]. The inoculated TSB + YE was then incubated at 37 ◦C for 22–24 h.
One loopful of this overnight suspension was then streak plated onto the surface of Tryptic Soy Agar
(Difco, Becton Dickinson, Franklin Lakes, NJ, USA), and incubated at 37 ◦C for 24 h. The plates were
then kept for up to a month at 4 ◦C prior to the experiment.

Five days prior to the experiments, each strain was activated by transferring a single colony from
the above-mentioned plates stored at 4 ◦C, into 10 mL TSB + YE. After incubation at 37 ◦C for 22–24 h,
a 100 μL aliquot was then aseptically sub-cultured into another 10 mL of TSB + YE and re-incubated
at 37 ◦C for 22–24 h. Cells of each strain (2 mL per strain) were then harvested using centrifugal
force at 6000 revolutions per min (3548 g, for 88 mm rotor) for 15 min (Model 5424, Eppendorf North
America, Hauppauge, NY, USA; Rotor FA-45-24-11). After removal of the supernatant and for further
removal of sloughed cell components, excreted secondary metabolites, and growth media, the cells
were then re-suspended in Phosphate-buffered Saline (PBS, VWR International, Radnor, PA, USA),
then re-centrifuged using the above-mentioned time, intensity, and instrumentation. Then, after
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discarding the supernatant, to improve the external validity of the challenge study, each bacterial
strain was then individually habituated in sterilized milk and/or PBS. Strains were habituated at
4 ◦C for 72 h to allow acclimatization of the pathogen to low temperature and intrinsic factors of the
food/medium [13,14]. On the day of the experiments, the individually habituated strains were then
composited and used as inoculum for microbiological challenge studies in raw milk and PBS, at target
population levels of 5 to 6 log CFU/mL in the raw milk experiments and 7 to 8 log CFU/mL in the
PBS experiments. Fresh raw milk was purchased through a cow-share program from the outskirt of
Nashville, TN, stored aseptically in a refrigerated cooler during transportation and were utilized for
the experiment less than 24 h after the purchase. Levels of inoculation and elements of experimental
design were selected (data not shown) based on preliminary trials.

2.2. Mild Heat and High-Pressure Pasteurization

For experiments involving inoculation of raw milk, hydrostatic pressure (Barocycler Hub440,
Pressure Bioscience Inc., South Easton, MA) of 380 Megapascal (MPa), i.e., 55,000 pounds per square
inch (PSI) and 310 MPa (45,000 PSI) were applied at 4, 25, and 50 ◦C. Similarly, for experiments
involving inoculation of PBS, pressure levels of 380 MPa (55,000 PSI), 310 MPa (45,000 PSI),
and 240 MPa (35,000 PSI) were used at 4 ◦C and 55 ◦C for time intervals of 0 (untreated control)
to 12 min. The pressure intensity levels, as well as temperatures and time combinations, were selected
based on preliminary trials [11] and reported based on English and metric units on the graphs
due to the popularity of both systems for stakeholders in various regions. The above-mentioned
processing unit has chamber size of 16 mL, surrounded with a stainless water jacket connected to
a refrigerated circulating water bath (Model refrigerated 1160s, VWR International, Radnor, PA, USA)
for precise control of the temperature during the treatments. For monitoring the temperature,
two k-type thermocouples (Omega Engineering Inc., Norwalk, CT, USA) were manually inserted
inside the wall of the chamber and secured with thermal paste (Model 5 AS5-3.5G, Arctic Silver,
Visalia, CA, USA). These thermocouples were connected to the unit’s software (HUB PBI 2.3.11
Software, Pressure BioScience Inc., South Easton, MA, USA) that, in addition to chamber pressure,
recorded the temperature values every three seconds [11]. The coolant of the circulating water bath
and pressure transmission fluid was distilled water (total soluble solids less than 30 parts per million).
The chamber of the unit was purged prior to each analysis for removal of residual air, to assure
treatments were hydrostatic in nature. All treatments were conducted inside no disk PULSE tubes
(Pressure BioScience Inc., South Easton, MA, USA), containing 1.5 mL of habituated inoculum in raw
milk or PBS. It is noteworthy that each reported treatment time excludes the time for pressure increase
(come-up time of 3 s) and the release time (come-down time of 1 s). These values were recorded
and monitored using the Barocycler mode of HUB PBI 2.3.11 Software (Pressure BioScience Inc.,
South Easton, MA, USA).

2.3. The pH, Neutralization, and Microbiological Analyses

In order to neutralize the intrinsic factors of the food vehicle prior to microbiological enumeration,
each sample was neutralized using 3 mL of D/E neutralizing broth (Difco, Becton Dickinson,
Franklin Lakes, NJ, USA) per 1 mL of the sample, thus, the detection limit of this study was 0.35 log
CFU/mL. After neutralization, for experiments involving the inoculation of raw milk, pressure-treated
and untreated controls were 10-fold serially diluted in Maximum Recovery Diluent (Difco, Becton
Dickinson, Franklin Lakes, NJ, USA) to maximize the recovery of injured cells. The neutralized diluents
were then spread plate onto the surface of PALCAM base agar (Becton, Dickinson and Company,
Sparks, MD, USA) supplemented with Ceftazidime (Becton, Dickinson and Company, Sparks, MD, USA)
for selective enumeration of Listeria monocytogenes, and Tryptic Soy Agar supplemented with yeast
extract (TSA ± YE) for enumeration of background microflora. For the experiments using PBS as the
vehicle, samples were plated onto TSA ± YE. The addition of 0.6% yeast extract to the medium was
based on preliminary trials using concentrations of pyruvic acid and/or yeast extract for maximum
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recovery of injured cells after pressure treatments [11]. Plates were then incubated at 37 ◦C for 24–48 h.
Incubated plates were then manually counted and converted to log values for further descriptive
and inferential analyses. The pH values of substrates were measured twice, once after pressure
treatment (prior to neutralization) and once before microbiological analyses (after neutralization) using
a digital pH meter (Mettler Toledo, AG, Switzerland) calibrated at pH levels of 4.00, 7.01, and 10.01, prior
to measurements.

2.4. Statistical Analyses and Experimental Design

Sample sizes of at least 5 repetitions per time/temperature/pressure were obtained based
on an a priori power analysis of existing high-pressure pasteurization data of the public health
microbiology laboratory using Proc Power of SAS9.2 software (SAS Institute, Cary, NC, USA).
The current study is a compilation of two separate experiments using PBS (Figures 1 and 2) and raw
milk (Figures 3 and 4) as vehicles. These studies were conducted, analyzed, and reported separately.
Each experiment was conducted in two biologically independent repetitions, with each repetition
considered as a blocking factor in a randomized complete block design. Each block consisted of
three replications, and each replication further consisted of two microbiological repetitions. Thus, each
reported value is the mean of 12 independent analyses (i.e., 2 blocks, 3 replications, 2 microbiological
repetitions per time/pressure/treatment). Data management, log conversion, and descriptive
representation of the data were initially conducted in Microsoft Excel. The raw data were then
imported to SAS9.2 software (SAS Institute, Cary, NC, USA), for inferential statistics at the type I error
level of 5% (α = 0.05). For each experiment, an Analysis of Variance (ANOVA) was conducted
using the Generalized Linear Model (Proc GLM) of SAS9.2 with two mean separation methods.
A Tukey adjustment was utilized for pairwise comparisons of all treated samples and controls and
further, a Dunnett adjustment was utilized for comparing treated samples with the untreated controls.
Microsoft Excel and GInaFiT version 1.7 [15] software (Katholieke Universiteit, Leuven, Belgium) were
further used for calculation of inactivation indices (d-value and Kmax values).

3. Results and Discussion

3.1. Inactivation of Listeria monocytogenes in Phosphate-Buffered Saline

Investigating the sensitivity of the pathogen in phosphate-buffered saline (PBS) medium would
provide the opportunity of exploring the synergism of heat and elevated hydrostatic pressure without the
interference of intrinsic and extrinsic factors of a food vehicle. These experiments were conducted
by inoculating sterilized PBS with the above-mentioned cocktail of the pathogen. The pH of the
media prior to inoculation was 7.54 ± 0.1 and were not different (p ≥ 0.05) than inoculated samples
treated at 4 and 55 ◦C. Corresponding pH values for inoculated samples at 4 and 55 ◦C were
7.40 ± 0.1, and 7.44 ± 0.2, respectively. Prior to analyses, samples were kept at refrigeration temperature
(4.07 ± 0.2 ◦C). As further delineated in the Materials and Methods Section 2.2., temperatures before and
after treatments were precisely maintained (using a stainless steel jacket connect to refrigerated circulating
water bath), monitored (using K-type thermocouples secured inside the chamber wall), and recorded
(using HUB PBI 2.3.11 Software). Temperature recordings before and after treatments were similar
(p ≥ 0.05) and was 3.80 ± 0.2 ◦C prior to treatments at 4 ◦C and were recorded as 3.81 ± 0.3 ◦C at the end
of the treatments. The corresponding values for samples’ temperature treated at 55 ◦C were 54.83 ± 0.4 ◦C
and 55.11 ± 0.4 ◦C before and after the treatments, respectively. Temperature of the transmission fluid
(distilled water), were precisely controlled and monitored at 4 and/or 55 ◦C as articulated in Section 2.2.

3.1.1. Sensitivity of Listeria monocytogenes in Phosphate-Buffered Saline at 4 ◦C

Inactivation of Listeria monocytogenes counts were investigated at this temperature under
three levels of hydrostatic pressure and for time intervals of 0 min (untreated control) up to 10 min.
Counts of the pathogen for untreated controls were 7.86 ± 0.1 log CFU/mL (Figure 1). Treatments
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for one min resulted in no (p ≥ 0.05) or only small reductions (p < 0.05). As an example, treated
samples at 240 MPa, 310 MPa, and 380 MPa after one min had counts of 7.34 ± 0.1, 7.05 ± 0.1,
and 6.57 ± 0.1 log CFU/mL (Figure 1D). Longer duration of pressure treatments, predictably resulted
in higher inactivation of the pathogen. The counts of Listeria monocytogenes were reduced (p < 0.05)
to 4.88 ± 0.2, 4.38 ± 0.1, and 4.0 ± 0.5 for treatments at 380 MPa after 4, 7, and 10 min, respectively
(Figure 1A–C). The corresponding values (p < 0.05) at 310 MPa for the above order of treatment times
were, 7.05 ± 0.1, 5.99 ± 0.5, and 5.61 ± 0.4, respectively (Figure 1A–C).

Figure 1. Effects of elevated hydrostatic pressure against four-strain habituated mixture of
Listeria monocytogenes (ATCC® numbers 51772, 51779, BAA-2657, 13932) in phosphate-buffered saline,
treated (Barocycler Hub440, Pressure BioScience Inc., South Easton, MA) at 4 and 55 ◦C. Within each
graph, and for each temperature separately, columns of each pressure intensity level followed by
different uppercase letters are representing log CFU/mL values that are statistically (p < 0.05) different
(Tukey-adjusted ANOVA). Uppercase letters followed by † sign are statistically (p < 0.05) different than
the untreated control (Dunnett-adjusted ANOVA). (A) Treatments for 10 min; (B) Treatments for 7 min;
(C) Treatments for 4 min; (D) Treatments for 1 min.

3.1.2. Sensitivity of Listeria monocytogenes in Phosphate-Buffered Saline at 55 ◦C

In exclusion of intrinsic and extrinsic factors of a food vehicle, Listeria monocytogenes exhibited
great sensitivity to the combination of mild hydrostatic pressure and heat. Even a one-min treatment
at 380 MPa and 55 ◦C was able to reduce (p < 0.05) the pathogen counts to 4.44 ± 0.9 log CFU/mL
(Figure 1D). With counts of untreated controls at 7.87 ± 0.2 log CFU/mL, this reduction is equivalent to
3.43 log reductions (e.g., >99.9% of the inoculated pathogen). The pathogen counts were further
reduced (p < 0.05) to <1.07 ± 0.5, <0.95 ± 0.3, and <0.75 ± 0.3 log CFU/mL, for 4-min, 7-min,
and 10-min treatments at 380 MPa and 55 ◦C. Even milder pressure treatments, coupled with
elevated heat resulted in an appreciable reduction (p < 0.05) of Listeria monocytogenes. As an example,
4-min treatments resulted in pathogen counts of 3.66 ± 0.2 log CFU/mL at 310 MPa and 55 ◦C,
and 4.66 ± 0.6 log CFU/mL at 380 MPa and 4 ◦C. These counts were lower (p < 0.05) at 55 ◦C relative
to those samples treated at 4 ◦C. Pathogen counts for the above two pressures at 55 ◦C and for 7 min
treatments were <1.38 ± 1.0, and 3.45 ± 0.9 log CFU/mL, respectively (Figure 1A–C).

The current challenge study indicates lower levels of pressure coupled with mild heat could
be as efficacious as higher levels of pressure at lower temperatures. As an example, counts of
Listeria monocytogenes were reduced (p < 0.05) from 7.86 ± 0.1 to 4.88 ± 0.2 after a 380 MPa treatment
at 4 ◦C. Similarly, Listeria monocytogenes counts were reduced (p < 0.05) from 7.87 ± 0.2 to 4.66 ± 0.6
after a 240 MPa treatment at 55 ◦C (Figure 1A–C). Treatments of 3 to 5 min are current standard
procedures in the manufacturing of food products using pressure-based technologies [10].
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3.1.3. Inactivation Indices of Listeria monocytogenes in Phosphate-Buffered Saline

Calculation of inactivation indices not only improves the adaptability of a challenge study
by private industry but further delineates the synergism of heat and hydrostatic pressure for
decontamination of Listeria monocytogenes (Figure 2). The index d-value is obtained based on
a linear model, corresponding to the time (in this study in a unit of min) required at specific
conditions (pressure, heat, and other intrinsic, and extrinsic factors) to reduce 90% of the exposed
microorganism [16]. Under the condition of this experiment, we observed a d-value of 2.77 min for
inactivation of Listeria monocytogenes at 4 ◦C and at 380 MPa. The value at the same level of pressure
but at 55 ◦C was reduced to 1.59 min (Figure 2). Similar synergism was observed at lower pressures.
The d-values were 4.43 and 1.49 for treatments at 310 MPa at 4 and 55 ◦C, respectively and were 11.61
and 2.06 min for treatments at 240 MPa at 4 and 55 ◦C, respectively. This indicates that a treatment
at lower pressure and higher temperature (310 MPa at 55 ◦C), could be comparable (p ≥ 0.05) to
a treatment at higher pressure and lower temperature (380 MPa at 4 ◦C). This synergism could be of
great importance to manufacturing facilities using the technology to lower the cost of operation since
lower levels of pressure had been associated with lower maintenance cost and higher shelf-life of the
pressure vessels [17]. The cost associated with high-pressure processing is currently the main barrier
for further adoption of this technology in the private industry [10].

Figure 2. Inactivation rates for four-strain habituated mixture of Listeria monocytogenes (ATCC®

numbers 51772, 51779, BAA-2657, 13932) exposed to elevated hydrostatic pressure (Barocycler Hub 440,
Pressure BioScience Inc., South Easton, MA) in phosphate-buffered saline. Kmax values are selected
from the best-fitted model (goodness-of-fit indicator of R2 values, α = 0.05) using the GInaFiT software.
Kmax values are expressions of number of log cycles of reduction in 1/min unit. The d-values provided
are calculated based on linear model, exhibiting time required for a log (90%) of microbial cell reduction.
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Recent studies also delineate that alternative inactivation indices, particularly those obtained
based on non-linear models, could be of great importance for stakeholders since the microbial reduction
of many food-pathogen combinations may not follow a linear pattern [11]. As further elaborated in
the Materials and Methods Section 2.4., the current study is reporting the non-linear inactivation index
Kmax calculated based on the best-fitted (maximum R2) model. In contrast to the d-value, this index has
a unit of 1/min, thus, larger Kmax values are corresponding to higher/faster microbial inactivation [18].
The Kmax values at 4 ◦C were 1.65, 1.89, and 0.20 for treatments at 380 MPa, 310 MPa, and 240 MPa,
respectively. The values were increased to 3.95, 2.37, and 1.93 for the above order of the pressure
treatments when tested at 55 ◦C (Figure 2).

3.2. Inactivation of Listeria monocytogenes and Natural Microflora in Raw Milk

Relative to challenge studies conducted in phosphate-buffered saline medium, studying the
inactivation of Listeria monocytogenes in raw milk could provide a more realistic interpretation,
particularly when such studies conducted in presence of natural microflora of the product with
the existence of intrinsic and extrinsic factors that had not been altered by any previous treatment.

3.2.1. Sensitivity of Listeria monocytogenes and Natural Microflora in Raw Milk at 4 ◦C

Under the condition of this experiment, the pH of raw milk samples treated at the various time
and pressure intensity levels were similar (p ≥ 0.05) and ranged from 6.72 ± 0.1 to 6.85 ± 0.1. The pH
of untreated raw milk was 6.82 ± 0.1, while the pH of treated milk neutralized in D/E broth prior
to microbiological analyses was 7.23 ± 0.1. The temperature recordings of the treatments remained
constant (p ≥ 0.05) before and after treatments, ranging from 3.58 ± 0.3 ◦C to 3.93 ± 0.3 ◦C and
3.70 ± 0.4 ◦C to 3.95 ± 0.1 ◦C for before and after the pressure treatments, respectively. Counts of
selective medium (PALCAM agar), associated with Listeria monocytogenes showed the standard
deviation of 0.1 to 0.9 (average standard deviation of 0.3) and are summarized in Figure 3A.
The pathogen count of untreated controls at 4 ◦C was 5.30 ± 0.1 log CFU/mL, the count was reduced
by 3.35 log for treatment at 380 MPa for 12 min to 1.95 ± 0.4 log CFU/mL. The corresponding log
reductions for 9-, 6- and 3-min treatments at 380 MPa were 3.3, 2.8, and 2.1, respectively, exhibiting
in excess of a 99% reduction of the pathogen at 380 MPa treatments. At lower pressure intensities of
310 MPa, these reductions showed similar trends: Treatments for 12, 9, 6, and 3 min at this intensity
level lead to 2.6, 2.5, 1.8, and 1.4 log reductions (p < 0.05), respectively.

Figure 3B, summarizes counts obtained from non-selective media (TSA supplemented with
yeast extract) corresponding to inactivation of background microflora. These counts exhibited standard
deviations ranging from 0.1 to 0.8 (average standard deviation of 0.3). In the vast majority of the
time-pressure combinations at 4 ◦C, background microflora counts of the raw milk were less sensitive to
treatments relative to the inoculated pathogen. As an example, treatments for 12 min, modestly reduced
(p < 0.05) the background microflora for 2.03 and 1.99 log, for treatment intensity of 380 MPa and
310 MPa, respectively. The higher tolerance of background microflora to elevated hydrostatic pressure
had been previously reported in similar products and could be primarily attributed to the presence of
spore-forming organisms that are ubiquitous in production and manufacturing environments [19].

3.2.2. Sensitivity of Listeria monocytogenes and Natural Microflora in Raw Milk at 25 ◦C

Similar to the samples treated at 4 ◦C, samples treated at 25 ◦C had comparable (p ≥ 0.05) pH
counts ranging from 6.67 ± 0.1 to 6.77 ± 0.1. Temperature recordings prior and after treatments were
controlled at 25 ◦C (p ≥ 0.05) and were ranging from 24.10 ± 0.8 to 24.67 ± 0.7 and 23.83 ± 0.5 to
24.63 ± 0.9, prior and after the pressure treatments, respectively. Pathogen load (PALCAM counts)
were 5.30 ± 0.1 log CFU/mL (Figure 3A) and were reduced (p < 0.05) to 1.58 ± 0.1 log CFU/mL
after pressure treatment of 380 MPa for 12 min. Similarly, 3.29 and 2.27 log reductions (p < 0.05) were
observed for treatments of 9 and 6 min at 380 MPa, respectively (Figure 3A). More than 99% of the
inoculated Listeria monocytogenes was inactivated at lower pressure of 310 MPa, as result of 12- and
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9-min treatments (Figure 3B). Background microflora counts at this temperature were more fastidious
to the pressure treatments relative to pathogen counts (Figure 3B). As an example, only 1.86 and
0.81 log reductions were achieved after 12 min of treatment at 380 MPa, and 310 MPa, respectively.
Minor differences were observed during inactivation of the pathogen and background microflora
comparing treatments of 4 and 25 ◦C, indicating that these temperatures might be used interchangeably
in manufacturing facilities and during validation studies. Reductions obtained in this study are in
harmony with previous studies at similar temperatures and pressure intensity levels, where 2.11 log
reductions of Listeria monocytogenes were reported at 500 MPa after 10 min of treatment of milk at
20 ◦C [20]. Similar trends were also reported for inactivation of Listeria monocytogenes at 400 MPa at
temperatures of 20 to 25 ◦C [21,22]. Studying inactivation of Listeria monocytogenes at lower and high
temperatures combined with mild elevated hydrostatic pressure, is currently a knowledge gap of
hurdle validation data against this pathogen as well as those conducted against the natural background
flora of raw milk. A pressure treatment coupled with mild temperature of 50 or 55 ◦C, could assure
microbiological safety of a product while reducing cost associated with pressure vessels shelf-life and
high pressure pasteurization maintenance [10].

Figure 3. Effects of elevated hydrostatic pressure against four-strain habituated mixtures of
Listeria monocytogenes (ATCC® numbers 51772, 51779, BAA-2657, 13932) and background microflora in
raw milk, treated (Barocycler Hub440, Pressure BioScience Inc., South Easton, MA) at 4, 25, and 50 ◦C.
(A) Counts of Listeria monocytogenes; (B) Counts of background microflora.
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3.2.3. Sensitivity of Listeria monocytogenes and Natural Microflora in Raw Milk at 50 ◦C

Synergism of temperature at 50 ◦C with elevated hydrostatic pressure resulted in most appreciable
reductions (p < 0.05) in counts of Listeria of monocytogenes. Selective counts, corresponding with
the inoculated pathogen (PALCAM counts) were 4.56 ± 0.3 log CFU/mL prior to treatment at
380 MPa (Figure 3A). The counts were reduced (p < 0.05) to below the detection limit after 12 min
of treatment at 380 MPa/ 50 ◦C. Similarly, 4.21, 3.67, and 2.08 log reductions (p < 0.05) were
observed for 9-, 6-, and 3-min treatments at this pressure and temperature combination, respectively
(Figure 3A). Treatments of 310 MPa similarly resulted in log reductions (p < 0.05) ranging from 2.75
to 3.59 (Figure 3A). Unlike the inoculated pathogen, the natural microflora was affected modestly
(p < 0.05) even at 50 ◦C, for 12-min treatments at 380 MPa, exhibiting 1.32 log reductions (Figure 3B).
The corresponding log reductions associated with 9-, 6-, and 3-min treatments at 380 MPa/ 50 ◦C
were 1.28, 1.25, and 0.98, respectively, for the natural microflora (Figure 3B). These reductions were
also modest at lower pressure intensities, as an example, 1.13 log reductions (p < 0.05) were observed
as result of pressure treatments at 310 MPa at 50 ◦C, after 12 min (Figure 3B). The resistance of
spoilage microorganisms and natural microflora of the raw milk could be attributed to the presence
of spore-forming organisms that are ubiquitous in processing area [11] as previously delineated in
Section 3.2.1.

3.3. Synergism of Elevated Hydrostatic Pressure and Heat for Inactivation of Listeria monocytogenes and
Natural Microflora

Current data exhibit strong synergism between mild heat and hydrostatic pressure for inactivation
of Listeria monocytogenes in raw milk. The synergism among extrinsic factors of food against microbial
pathogen had been previously discussed as part of “hurdle technology” [23]. With the assumption of
a linear relationship between reduction of Listeria monocytogenes in raw milk as affected by elevated
hydrostatic pressure and mild heat, our study shows 3.47 min are required (Figure 4) at pressure levels
of 380 MPa at 4 ◦C for a 90% reduction of the pathogen (i.e., d-value = 3.47). These corresponding
d-values were reduced to 3.15 and 2.94 at 25 and 50 ◦C (Figure 4). The assumption of non-linearity
and using a best-fitted model obtained by GInaFiT software [15] exhibited similar trends (Figure 4).
One of the main challenges for current manufacturers of pressure-treated products is slightly higher
production costs relative to conventional products treated solely by thermal processing [10,11].
The current study indicates that pressure treatments at lower intensities, such as 380 MPa and
310 MPa alone or coupled with mild heat could be an alternative to pressures at very high levels of
hydrostatic pressure. The lower pressure treatments are typically associated with increased shelf-life
of the pressure vessels and reduced cost of pressure processing [17]. Similar synergism was observed
for inactivation of natural microflora, although the extent of reductions were less than inactivation
rates observed for the pathogen (Figure 3B). As previously discussed, this is due to presence of
spore-forming organisms that are ubiquitous in raw milk production and manufacturing area and are
considered to be resistant to pressure-based treatments [11].

85



Microorganisms 2018, 6, 102

F
ig

u
re

4
.

In
ac

ti
va

ti
on

in
d

ic
es

fo
r

fo
u

r-
st

ra
in

ha
bi

tu
at

ed
m

ix
tu

re
of

Li
st

er
ia

m
on

oc
yt

og
en

es
(A

T
C

C
®

nu
m

be
rs

51
77

2,
51

77
9,

B
A

A
-2

65
7,

13
93

2)
ex

po
se

d
to

el
ev

at
ed

hy
d

ro
st

at
ic

p
re

ss
u

re
(B

ar
oc

yc
le

r
H

u
b

44
0,

P
re

ss
u

re
B

io
Sc

ie
nc

e
In

c.
,S

ou
th

E
as

to
n,

M
A

)
in

ra
w

m
ilk

.
K

m
ax

va
lu

es
ar

e
se

le
ct

ed
fr

om
be

st
-fi

tt
ed

bi
p

ha
si

c
m

od
el

(g
oo

d
ne

ss
-o

f-
fi

ti
nd

ic
at

or
of

R
2

va
lu

es
,α

=
0.

05
)u

si
ng

th
e

G
In

aF
iT

so
ft

w
ar

e.
K

m
ax

va
lu

es
ar

e
ex

p
re

ss
io

n
of

nu
m

be
r(

s)
of

lo
g

cy
cl

es
of

re
d

u
ct

io
n

in
1/

m
in

u
ni

t,
th

us
la

rg
er

va
lu

es
co

rr
es

po
nd

to
le

ss
ti

m
e

ne
ed

ed
fo

r
m

ic
ro

bi
al

ce
ll

re
d

uc
ti

on
s

fo
r

ea
ch

pr
es

su
re

/t
em

pe
ra

tu
re

co
m

bi
na

ti
on

.T
he

d-
va

lu
es

pr
ov

id
ed

ar
e

ca
lc

ul
at

ed
ba

se
d

on
lin

ea
r

m
od

el
,e

xh
ib

it
in

g
ti

m
e

re
qu

ir
ed

fo
r

a
lo

g
(9

0%
)o

fm
ic

ro
bi

al
ce

ll
re

du
ct

io
ns

.

86



Microorganisms 2018, 6, 102

4. Conclusions

Under the conditions of our experiments, we observed d-values of 2.77, 4.43, and 11.61 for
inactivation of Listeria monocytogenes treated at 380 MPa, 310 MPa, and 240 MPa treated in PBS at 4 ◦C.
Corresponding values for pressure treatments in PBS at 55 ◦C were appreciably lower, delineating
strong synergism between heat and hydrostatic pressure for inactivation of Listeria monocytogenes.
Similar synergistic effects were demonstrated against Listeria monocytogenes inoculated in raw milk.
Reducing the cost associated with pressure-based technologies are currently the main challenge for
further adoption of this emerging technology in various sectors of food manufacturing. The current
study delineated the pressure treatments at lower intensity levels, coupled with mild heat could
result in an appreciable reduction of Listeria monocytogenes. This synergism was demonstrated in
laboratory media with the exclusion of intrinsic and extrinsic factors of a food vehicle as well as in
studies conducted in raw milk. The synergistic effect of mild heat and pressure-based treatments could
be of assistance to manufacturers for avoiding extreme pressures of 600 MPa or above that are typically
associated with reduced shelf-life of the pressure vessels, increased manufacturing costs, and increased
concern for reduction of the nutritive value of the food.
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Abstract: The aim of this study was to compare the biocidal effectiveness of disinfectants solutions
prepared with ozonated and non-ozonated water against Listeria monocytogenes. Six L. monocytogenes
strains were the research material (four isolates from food: meat (LMO-M), dairy products (LMO-N),
vegetables (LMO-W), and fish (LMO-R); one clinical strain (LMO-K) and reference strain ATCC
19111). The evaluation of the biocidal effectiveness of disinfectant solutions (QAC—quaternary
ammonium compounds; OA—oxidizing agents; ChC—chlorine compounds; IC—iodine compounds;
NANO—nanoparticles) was carried out, marking the MBC values. Based on the obtained
results, the effectiveness coefficient (A) were calculated. The smaller the A value, the greater
the efficiency of disinfection solutions prepared on the basis of ozonated versus non-ozonated water.
Ozonated water showed biocidal efficacy against L. monocytogenes. Among tested disinfectentants,
independent on type of water used for preparation, the most effective against L. monocytogenes
were: QAC 1 (benzyl-C12-18-alkydimethyl ammonium chlorides) (1.00 × 10−5–1.00 × 10−4 g/mL)
in quaternary ammonium compounds, OA 3 (peracetic acid, hydrogen peroxide, bis (sulphate) bis
(peroxymonosulfate)) (3.08 × 10−4 –3.70 × 10−3 g/mL) in oxidizing agents, ChC 1 (chlorine dioxide)
(5.00 × 10−8 –7.00 × 10−7 g/mL) in chlorine compounds, IC 1 (iodine) (1.05–2.15 g/mL) in iodine
compounds, and NANO 1 (nanocopper) (1.08 × 10−4 – 1.47 × 10−4 g/mL) in nanoparticles. The values
of the activity coefficient for QAC ranged from 0.10 to 0.40, for OA—0.15–0.84, for ChC—0.25–0.83,
for IC—0.45–0.60, and for NANO—0.70–0.84. The preparation of disinfectants solution on the basis
of ozonated water, improved the microbicidal efficiency of the tested disinfectant, especially the
quaternary ammonium compounds. An innovative element of our work is the use of ozonated
water for the preparation of working solutions of the disinfection agents. Use ozonated water can
help to reduce the use of disinfectant concentrations and limit the increasing of microbial resistance
to disinfectants. This paper provides many new information to optimize hygiene plans in food
processing plants and limit the spread of microorganisms such as L. monocytogenes.

Keywords: Listeria monocytogenes; ozon; ozonated water; non-ozonated water; disinfectants;
biocidal effectiveness
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1. Introduction

Listeria monocytogenes causes listeriosis. This intracellular pathogen is widespread in the
environment, from where it can enter the digestive tract of animals and humans [1]. The main
source of L. monocytogenes is food, especially smoked fish, cheese, delicatessen meat products, milk,
seafood, eggs, and vegetables [2].

Since L. monocytogenes is able to survive under food processing conditions it constitutes a serious
threat in food processing plants. To prevent the spread of infection caused by this pathogen, chemical
disinfection processes using compounds such as chlorine, iodine, oxidizing, phenolic, quaternary
ammonium compounds, alcohols, aldehydes, or metal nanoparticles are carried out [3].

Recently ozone has become an alternative disinfectant. Because of its antibacterial properties,
ozone is widely used for the disinfection of drinking water and sewage as well as in the food industry.
In the disinfection processes, ozone is used in gaseous or aqueous form depending on the type of
decontaminated surfaces. Low concentrations of ozone and short duration of action are sufficient
to eliminate microorganisms [4]. It is active against bacteria (such as Listeria spp., Escherichia spp.,
Salmonella spp.), viruses, fungus, fungal spores, and protozoa [5]. Also, the constant ozonation of water
with low ozone concentration (0.5 mg/L) intended for washing vegetables has resulted in a reduction
in the number of mesophilic and coliform bacteria on the surface of lettuce and peppers. This method
was less dense in relation to the elimination of mold and fungi. Also the type of vegetable plays a
role in the effectiveness of the method (more effective for peppers) [6]. Ozone disturbs the integrity
of the bacterial cell membrane by oxidizing phospholipids and lipoproteins. In the case of fungi,
ozone inhibits microbial growth in a certain phase. In the case of viruses, ozone damages the viral
capsid and interferes with the viral replication cycle [7]. Thanomsub et al. [8], using scanning electron
microscopy (SEM), showed deformation of Gram-negative cells exposed to ozone at a concentration
of 0.167/mg/min/L. After 60 min exposure, the cells were sunken and concave, while after 90 min of
exposure, they showed lysis. The use of ozone does not require high temperatures and carries many
economic benefits [9]. However, its short half-life period is associated with the need to produce it at the
place of use. The half-life of ozone in an aqueous solution at 20 ◦C is approximately 20–30 min [10]. The
use of ozonated water in the food industry determines the inclusion of organic matter and pH values.
Arayan et al. [11] showed that organic pollution affects the ozone’s water half-life, and temperature is
also an important factor. An increase in the temperature of ozone water caused a decrease in biocidal
effectiveness [11]. Moreover ozone may be corrosive for the treated surface [12]. On the other hand its
usage reduces the amount of other disinfectants, and herby the amount of their toxic by-products [4].

The aim of the study was to compare the biocidal effectiveness against L. monocytogenes strains of
thirteen selected disinfectants, for which solutions were prepared using sterile hard water and ozone
water. The aim was also to assess the stability of solutions of three disinfectants which effectiveness
was significantly higher in ozonated water compared to hard water.

2. Materials and Methods

2.1. Bacterial Strains

The study was conducted on 6 L. monocytogenes strains isolated in 2015 from the territory of
the Kuyavian-Pomeranian Voivodeship (Poland), including four isolates from food: meat (LMO-M),
dairy products (LMO-N), vegetables (LMO-W), and fish (LMO-R), one clinical strain (LMO-K) from
the collection of the Department of Microbiology, Nicolaus Copernicus University in Toruń, L.
Rydygier Collegium Medicum in Bydgoszcz. These strains were susceptible to all antibiotics tested
(penicillin, ampicillin, meropenem, erythromycin, cotrimoxazole) in accordance with the EUCAST
v.8.00 recommendations [13]. The study material also included the reference strain L. monocytogenes
ATCC 19111.
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2.2. Ozonated Water

In the experiment, the hard water was used, prepared according to the Polish Standard PN-EN
1276: 2010 [14]. A solution A (19.84 g MgCl2 (Avantor, Gliwice, Poland) and 46.24 g CaCl2 (Avantor,
Gliwice, Poland) was dissolved in 1000 mL H2O) and B (35.02 g NaHCO3 (Avantor, Gliwice, Poland)
dissolved in 1000 mL H2O) was prepared to obtain a hard water. Both solutions were sterilized. Then,
6 mL of solution A and 8 mL of solution B were added to 700 mL of sterile water, mixed thoroughly
and made up with sterile water to 1000 mL. The ozonation process of 100 mL of sterile hard water
(temperature 20 ◦C, pH = 7.0) was carried out using a 20W ZE-H103 Orientee ozonator (ELTOM,
Warsaw, Poland) with a diffuser and with the function of water and air ionization for 45 min. Ozone
was generated in a laminar chamber at constant humidity and air temperature. Ozone concentration
was determined in the reaction mixtures using DPD (N,N-diethyl-1,4-phenylene diammonium sulfate)
Method, according ISO 7393-2:2017 [15], cuvette test and DR3900 Benchtop VIS Spectrophotometer
provided by Hach (Frederick, Maryland, USA). This procedure of ozone determination was designed
for water samples by Hach company. According to the procedure, the samples are treated with
oxidizing agent N,N-diethyl-1,4-phenylene diammonium sulfate (DPD) to form a red dye. It was
determined by visible spectrophotometry (λmax = 552 nm).

Due to the short typical half-life time of ozone in water (15–25 min for pH = 7–10) [16], ozonated
water was immediately used to prepare solutions.

2.3. Disinfectants

The study used 13 disinfectants. The composition and concentration (in accordance with the
manufacturer’s instructions) of working solutions needed to prepare the dilution series are presented
in Table 1.

Taking into account the information provided by the manufacturer of a particular disinfector
for the preparation of a commercial working solution (100%), the following solutions were prepared:
200%, 180%, 160%, 140%, 120%, 100%, 80%, 60%, 40%, 20%, 10%, 2%, and 1% of working solutions
concentrations. The concentrations were selected in order to carry out the procedure for assessing the
minimum bactericidal concentrations described in the further part of the methodology. The specific
concentrations for particular tested disinfectants were presented in Table 2. Two independent dilution
series were prepared—one using sterile hard water [14], the other—sterile ozonated water, immediately
after its preparation.

Table 1. Characteristics of disinfectants.

Group of Disinfectants Name Active Substance Working Solution Concentration (g/mL)

Quaternary ammonium
compounds

QAC 1 benzyl-C12-18-alkydimethyl ammonium chlorides 2.0 × 10−3

QAC 2 benzyl-C12-16 alkyldimethyl chlorides 2.55 × 100

QAC 3 didecyldimethylammonium chloride,
benzyl-C12-16-alkyldimethyl chlorides 2.97 × 100

Oxidizing agents

OA 1 hydrogen peroxide, silver nitrate 1.20 × 101

OA 2 perlactic acid 4.90 × 100

OA 3 peracetic acid, hydrogen peroxide 6.15 × 10−3

OA 4
bis (sulphate) bis (peroxymonosulfate)

pentapotassium, benzenesulfonic acid, C10-13 alkyl
derivatives, sodium salts, malic acid, sulfamic acid

2.00 × 10−2

Chlorine compounds ChC 1 chlorine dioxide 1.00 × 10−5

ChC 2 hypochlorous acid calcium salt 2.00 × 10−3

Iodine compounds IC 1 iodine 6.15 × 100

IC 2 iodine 1.17 × 101

Nanoparticles NANO 1 nanocopper 1.50 × 10−4

NANO 2 nanosilver 1.50 × 10−4
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Table 2. The specific concentrations for particular tested disinfectants.

Group of Disinfectants Name Initial Concentration (g/mL) Final Concentration (g/mL)

Quaternary ammonium
compounds

QAC 1

4.00 × 10−3; 3.60 × 10−3; 3.20 × 10−3;
2.80 × 10−3; 2.40 × 10−3; 2.00 × 10−3;
1.60 × 10−3; 1.20 × 10−3; 8.00 × 10−4;
4.00 × 10−4; 2.00 × 10−4; 4.00 × 10−5;

2.00 × 10−5

2.00 × 10−3; 1.80 × 10−3; 1.60 × 10−3;
1.40 × 10−3; 1.20 × 10−3; 1.00 × 10−3;
8.00 × 10−4; 6.00 × 10−4; 4.00 × 10−4;
2.00 × 10−4; 1.00 × 10−4; 2.00 × 10−5;

1.00 × 10−5

QAC 2

5.1 × 100; 4.59 × 100; 4.08 × 100; 3.57 ×
100; 3.06 × 100; 2.55 × 100; 2.04 × 100;

1.53 × 100; 1.02 × 100; 5.1 × 10−1; 2.6 ×
10−1; 5.00 × 10−2; 2.6 × 10−2

2.55 × 100; 2.30 × 100; 2.04 × 100; 1.79 ×
100; 1.53 × 100; 1.28 × 100; 1.02 × 100;
7.70 × 10−1; 5.10 × 10−1; 2.60 × 10−1;
1.30 × 10−1; 2.60 × 10−2; 1.00 × 10−2

QAC 3

5.94 × 100; 5.35 × 100; 4.75 × 100; 4.16 ×
100; 3.56 × 100; 2.97 × 100; 2.38 × 100;

1.78 × 100; 1.19 × 100; 5.90 × 10−1; 3.00
× 10−1; 5.90 × 10−2; 3.00 × 10−2

2.97 × 100; 2.67 × 100; 2.38 × 100; 2.08 ×
100; 1.78 × 100; 1.49 × 100; 1.19 × 100;
8.90 × 10−1; 5.90 × 10−1; 2.30 × 10−1;
1.50 × 10−1; 3.00 × 10−2; 1.50 × 10−2

Oxidizing agents

OA 1

2.40 × 101; 2.16 × 101; 1.92 × 101; 1.68 ×
101; 1.44 × 101; 1.20 × 101, 9.60 × 100;

7.20 × 100; 4.80 × 100; 2.40 × 100; 1.20 ×
100; 2.40 × 10−1; 1.20 × 10−1

1.20 × 101; 1.08 × 101; 9.60 × 100; 8.40 ×
100; 7.20 × 100; 6.00 × 100; 4.80 × 100;

3.60 × 100; 2.40 × 100; 1.20 × 100; 6.00 ×
10−1; 1.20 × 10−1; 6.00 × 10−2

OA 2

9.80 × 100; 8.82 × 100; 7.84 × 100; 6.86 ×
100; 5.88 × 100, 4.90 × 100; 3.92 × 100;

2.94 × 100; 1.96 × 100; 9.80 × 10−1; 4.90
× 10−1; 9.80 × 10−2; 4.90 × 10−2

4.90 × 100; 4.41 × 100; 3.92 × 100; 3.43 ×
100; 2.45 × 100; 2.40 × 100; 1.96 × 100;

1.47 × 100; 9.80 × 10−1; 4.90 × 10−1; 2.50
× 10−1; 5.00 × 10−2; 2.50 × 10−2

OA 3

1.20 × 10−2; 1.00 × 10−2; 9.80 × 10−3;
8.60 × 10−3; 7.40 × 10−3; 6.15 × 10−3;
4.92 × 10−3; 3.69 × 10−3; 2.46 × 10−3;
1.23 × 10−3; 6.15 × 10−4; 1.23 × 10−4;

6.15 × 10−5

6.15 × 10−3; 5.50 × 10−3; 4.90 × 10−3;
4.30 × 10−3; 3.70 × 10−3; 3.10 × 10−3;
2.46 × 10−3; 1.90 × 10−3; 1.23 × 10−3;
6.15 × 10−4; 3.10 × 10−4; 6.15 × 10−5;

3.10 × 10−5

OA 4

4.00 × 10−2; 3.60 × 10−2; 3.20 × 10−2;
2.80 × 10−2; 2.40 × 10−2; 2.00 × 10−2;
1.60 × 10−2; 1.20 × 10−2; 8.00 × 10−3;
4.00 × 10−3; 2.00 × 10−3; 4.00 × 10−4;

2.00 × 10−4

2.00 × 10−2; 1.80 × 10−2; 1.60 × 10−2;
1.40 × 10−2; 1.20 × 10−2; 1.00 × 10−2;
8.00 × 10−3; 6.00 × 10−3; 4.00 × 10−3;
2.00 × 10−3; 1.00 × 10−3; 2.00 × 10−4;

1.00 × 10−4

Chlorine compounds ChC 1

2.00 × 10−5; 1.8 × 10−5; 1.6 × 10−5; 1.4 ×
10−5; 1.20 × 10−5; 1.00 × 10−5; 8.00 ×
10−6; 6.00 × 10−6; 4.00 × 10−6; 2.00 ×
10−6; 1.00 × 10−6; 2.00 × 10−7; 1.00 ×

10−7

1.00 × 10−5; 9.00 × 10−6; 8.00 × 10−6;
7.00 × 10−6; 6.00 × 10−6;5.00 × 10−6;
4.00 × 10−6; 3.00 × 10−6; 2.00 × 10−6;
1.00 × 10−6; 2.00 × 10−7; 1.00 × 10−7

ChC 2

4.00 × 10−3; 3.60 × 10−3; 3.20 × 10−3;
2.80 × 10−3; 2.40 × 10−3; 2.00 × 10−3;
1.60 × 10−3; 1.20 × 10−3; 8.00 × 10−4;
4.00 × 10−4; 2.00 × 10−4; 4.00 × 10−5;

2.00 × 10−5

2.00 × 10−3; 1.80 × 10−3; 1.60 × 10−3;
1.40 × 10−3; 1.20 × 10−3; 1.00 × 10−3;
8.00 × 10−4; 6.00 × 10−4; 4.00 × 10−4;
2.00 × 10−4; 1.00 × 10−4; 2.00 × 10−5;

1.00 × 10−5

Iodine compounds IC 1

1.23 × 101; 1.11 × 101; 9.84 × 100; 8.61 ×
100; 7.38 × 100; 6.15 × 100; 4.92 × 100;

3.69 × 100; 2.46 × 100; 1.23 × 100; 6.20 ×
10−1; 1.20 × 10−1; 6.20 × 10−2

6.15 × 100; 5.54 × 100; 4.92 × 100; 4.31 ×
100; 3.69 × 100; 3.08 × 100; 2.46 × 100;

1.85 × 100; 1.23 × 100; 6.20 × 10−1; 3.10
× 10−1; 6.20 × 10−2; 3.10 × 10−2

IC 2

2.34 × 101; 2.11 × 101; 1.87 × 101; 1.64 ×
101; 1.40 × 101; 1.17 × 101; 9.36 × 100;

7.02 × 100; 4.68 × 100; 2.34 × 100; 1.17 ×
100; 2.30 × 10−1; 1.20 × 10−1

1.17 × 101; 1.05 × 101; 9.36 × 100; 8.19 ×
100; 7.02 × 100; 5.85 × 100; 4.68 × 100;

3.51 × 100; 2.34 × 100; 1.17 × 100; 5.90 ×
10−1; 1.20 × 10−1; 5.90 × 10−2

Nanoparticles NANO 1

3.00 × 10−3; 2.70 × 10−3; 2.40 × 10−3;
2.10 × 10−3; 1.80 × 10−3; 1.50 × 10−3;
1.20 × 10−3; 9.00 × 10−4; 6.00 × 10−4;
3.00 × 10−4; 1.50 × 10−4; 3.00 × 10−5;

1.50 × 10−5

1.50 × 10−4; 1.35 × 10−4; 1.20 × 10−4;
1.05 × 10−4; 9.00 × 10−5; 7.50 × 10−5;
6.00 × 10−5; 4.50 × 10−5; 3.00 × 10−5;
1.50 × 10−5; 7.50 × 10−6; 1,50 × 10−6;

7.50 × 10−7

NANO 2

3.00 × 10−3; 2.70 × 10−3; 2.40 × 10−3;
2.10 × 10−3; 1.80 × 10−3; 1.50 × 10−3;
1.20 × 10−3; 9.00 × 10−4; 6.00 × 10−4;
3.00 × 10−4; 1.50 × 10−4; 3.00 × 10−5;

1.50 × 10−5

1.50 × 10−4; 1.35 × 10−4; 1.20 × 10−4;
1.05 × 10−4; 9.00 × 10−5; 7.50 × 10−5;
6.00 × 10−5; 4.50 × 10−5; 3.00 × 10−5;
1.50 × 10−5; 7.50 × 10−6; 1,50 × 10−6;

7.50 × 10−7

QAC 1—benzyl-C12-18-alkydimethyl ammonium chlorides; QAC 2—benzyl-C12-16 alkyldimethyl chlorides; QAC
3—didecyldimethylammonium chloride, benzyl-C12-16-alkyldimethyl chlorides; OA 1—hydrogen peroxide, silver
nitrate; OA 2—perlactic acid; OA 3—peracetic acid, hydrogen peroxide bis (sulphate) bis (peroxymonosulfate); OA
4—pentapotassium, benzenesulfonic acid, C10-13 alkyl derivatives, sodium salts, malic acid, sulfamic acid; ChC
1—chlorine dioxide; ChC 2—hypochlorous acid calcium salt; IC 1—iodine, IC 2—iodine; NANO 1—nanocopper;
NANO 2—nanosilver.
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2.4. Preparation of Bacterial Supensions

From cultures of L. monocytogenes strains obtained on Columbia Agar with 5% sheep blood (CAB,
bioMérieux, Marcy-l’Étoile, France) suspensions of a density of 0.5 MacFarland standard (5.80 × 108

CFU × mL−1) were prepared in 3 mL of Mueller Hinton Broth (MHB, Becton Dickinson, Franklin
Lakes, New Jersey, USA). For this purpose, the optical density for the sterile MHB (Mueller Hinton
Broth, Becton Dickinson, Franklin Lakes, New Jersey, USA) medium was first established. A sterile
swab was then collected from a single colony grown on Columbia Agar with 5% sheep blood (CAB,
bioMérieux, Marcy-l’Étoile, France) and loaded into the MHB (Mueller Hinton Broth, Becton Dickinson,
Franklin Lakes, New Jersey, USA) medium, followed by measurement of the optical density of the
suspension and subsequent colonization of L. monocytogenes added if necessary. The optical density
of the suspension was set at 0.5 + the optical density of the sterile MHB (Mueller Hinton Broth,
Becton Dickinson, Franklin Lakes, New Jersey, USA). The measurements were made with a DEN-1B
denitometer from Biogenet (Józefów, Poland).

2.5. Assessment of Biocidal Effectiveness of Ozonated and Non-Ozonated Water

The suspensions of the tested L. monocytogenes strains (100 μL) were pipetted into Eppendorf
(1.5 mL, Genoplast, Poland) tubes. After centrifugation (3000 rpm per 5 min) of the bacterial suspensions,
150 μL of an ozone solution of appropriate concentration (the mean value determined according to point
2.2–2.32 μg O3/mL) was added to the sediments. Immediately after preparation of the suspension in
ozonated/non-ozonated water, a row of decimal dilutions were made in sterile PBS (Phosphate-buffered
saline, Avantor, Gliwice, Poland). Each dilution (100 μL) was seeded into a Columbia Agar with 5%
sheep blood (CAB, bioMérieux, Marcy-l’Étoile, France) and incubated for 24 h at 37◦C. In this way, the
initial number of L. monocytogenes was determined. The number of bacteria in the obtained suspension
was 3.60–4.20 × 108 CFU × mL−1. The negative control was 150 μL of ozon water, and the positive
control—150 μL of bacterial suspension of a given strain suspended in sterile hard water. The study
was carried out in triplicate for each strain and each tested concentration.

After 5 min of treatment of the suspensions with ozonated water, sample were transferred to
900 μL neutralizer (10 g Tween 80 (Sigma Aldrich, Saint Louis, Missouri, USA), 1 g lecithin (Sigma
Aldrich, Saint Louis, Missouri, USA), 0.5 g histidine L (Sigma Aldrich, Saint Louis, Missouri, USA),
2.5 g Na2S2O3 (Avantor, Gliwice, Poland), 3.5 g C3H3NaO3 (Avantor, Gliwice, Poland), 1000 mL
sterile water). Lecithin neutralizes quaternary ammonia compounds while phenolic disinfectants and
hexachlorophene are neutralized by Tween. Together, lecithin and Tween neutralize ethanol. Histidine
inactivates aldehydes, especially formaldehyde and gluteraldehyde. Sodium thiosulfate neutralizes
iodine and chlorine, whereas sodium pyruvate neutralizes active oxygen and peroxides [17,18]. After
5 min of exposure, linear cultures were made on the CAB (Columbia Agar with 5% sheep blood,
bioMérieux, Marcy-l’Étoile, France) substrate plate sectors that were incubated for 24 h at 37 ◦C. After
incubation, the concentration of ozonated water was analyzed, which enabled the inactivation of the
tested strains of L. monocytogenes. The effect of sterile hard water [15] on the number of recovered
bacteria was also assessed.

After determining the concentration range in which the value of the minimum bactericidal
concentration (MBC) of ozonated water was located, the procedure was repeated, preparing solutions
with a concentration varying by 1% in this range, in order to accurately determine the MBC (minimum
bactericidal concentration).

To check the durability of ozonated water, the same test cycle was carried out one and two h
after the ozonation process was completed. All plates with banded cultures were incubated under the
conditions described above, and then the results were read.
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2.6. Evaluation of the Effectiveness of Disinfectants

The suspensions of the tested strains of L. monocytogenes (100 μL) and 100 μL of the appropriate
concentration of disinfectant were introduced into the wells of a multi-well polystyrene plate. The
target concentration of the disinfectant in the well plate was respectively 100%, 90%, 80%, 70%, 60%,
50%, 40%, 30%, 20%, 10%, 5%, 1%, and 0.5% concentration working solution of a particular disinfectant.
The specific concentrations for particular tested disinfectants were presented in Table 2. The negative
control consisted of 200 μL of sterile MHB (Mueller Hinton Broth, Becton Dickinson, Franklin Lakes,
New Jersey, USA) medium, and a positive control—200 μL of bacterial suspension. After 5 min of
the agent’s action on bacterial suspensions, 100 μL of liquid was transferred from each well to 900 μL
of neutralizer. After 5 min of neutralization, band-cultures were made on the CAB (Columbia Agar
with 5% sheep blood, bioMérieux, Marcy-l’Étoile, France) segments, which were incubated for 24 h
at 37◦C. After incubation, the minimum concentration allowing inactivation of the tested strains of
L. monocytogenes was read for solutions based on non-ozonated and ozonated water.

After determining the concentration range in which the value of the minimum bactericidal
concentration (MBC) of a given disinfectant was located, the procedure was repeated by preparing
solutions with a concentration varying by 1% in this range, to accurately determine the MBC.

Based on the obtained results, for all strains and disinfectants used in the studies, the effectiveness
coefficient (A) were calculated [19]. The smaller the value of the coefficient A, the greater the efficiency
of disinfecting solutions based on ozonated water compared to non-ozonated disinfectants.

The effectiveness factor was calculated from the formula:

A = b/c

where:
A—effectiveness coefficient,
b—effective concentration of disinfectant in active solution (ozonated water),
c—effective concentration of disinfectant in non-ozonated water solution.
In order to assess the decrease in the number of L. monocytogenes under the influence of disinfectants

prepared on the basis of ozonated and non-ozonated water, the initial number of tested bacteria and the
number of bacteria isolated at preMBC disinfectant concentration were determined. For this purpose,
a series of decimal dilutions was made for the prepared suspension of a given strain and then plated
on CAB (Columbia Agar with 5% sheep blood, bioMérieux, Marcy-l’Étoile, France) agar. The cultures
were incubated at 37◦C for 24 h. After this time, the grown colonies were counted and converted
into logarithmic units. Similarly, the suspension subjected to action of the disinfectant concentration
directly preceding MBC (preMBC) was treated. To determine preMBC, the MBC value from Table 3
was checked and the directly preceding concentration was selected from Table 2. The decreases in the
number of bacteria were calculated from the formula:

R = logi − logpreMBC

where:
R—reduction in bacteria number (log CFU)
logi—initial bacteria number
logpreMBC—nuber of bacteria recovered from suspension trated with preMBC concentration

of disinfectant
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2.7. Assessment of the Stability of QAC 2, OA 3, and ChC1 Solutions

Three disinfectants, for which the effectiveness coefficient was the lowest, were evaluated for
the stability (QAC 2, OA 3, and ChC 1). The prepared working solutions, both in non-ozonated and
ozonated water, were stored at room temperature. The effectiveness of these agents on L. monocytogenes
strains was evaluated immediately after preparation of the solutions, after 12 and 24 h, determining
the MBC values in individual time intervals. This part of the experiment was designed to assess
whether the possible increased effectiveness of disinfectants is not prolonged due to some reactions
between ozone and active substances. On the basis of MBC values, the coefficient A was calculated for
particular disinfectant, strains and time of storage.

2.8. Statistical Analysis

Statistical analysis was performed in the STATISTICA 13.1 PL program (StatSoft). Significance
of differences between the ozonated water effectiveness, MBC values of disinfectants, reduction in
L. monocytogenes number and maximal effectiveness coefficients for disinfectants were assessed.

2.8.1. Biocidal Effectiveness of Ozonated and Non-Ozonated Water

It was checked how the MBC value of the ozonated water varied depending on the time (0, 1, and
2 h) and the L. monocytogenes strain. Experiment was made in 3 replications. As independent variables,
the strain as well as the time elapsed from the ozonation of water were treated, and as a dependent
variable the determined value of MBC was recognized. Significance of differences between mean MBC
values for the combination of both independent variables was checked. For this purpose, the general
line models (GLM) were used. The multi-way ANOVA was conducted. The Tukey post-hoc test was
used for significance of α = 0.05.

2.8.2. Evaluation of the Effectiveness of Disinfectants

It was checked how the MBC value of tested disinfectants varied depending on the type of water
(ozonated/non-ozonated) used for solutions preparation. Experiment was made in 3 replications.
As independent variables, the disinfectant, type of water, as well as the strain were treated, and as
a dependent variable the determined value of disinfectants MBC was recognized. Significance of
differences between mean MBC values for the combination of all independent variables was checked.
For this purpose, the general line models (GLM) were used. The multi-way ANOVA was conducted.
The Tukey post-hoc test was used for significance of α = 0.05.

2.8.3. Reduction in Bacteria Number

It was checked how the reduction in bacteria number varied depending on the type of water
(ozonated/non-ozonated) used for disinfecting solutions preparation. Experiment was made in
3 replications. As independent variables, the type of water was treated, and as a dependent variable
the determined reduction in bacteria number was recognized. Significance of differences between
mean reduction obtained for particular disinfectant depending on type of water was checked. For this
purpose, the general line models (GLM) were used. The one-way ANOVA was conducted. The Tukey
post-hoc test was used for significance of α = 0.05.

2.8.4. Maximal Effectiveness Coefficients for Disinfectants

It was checked how the maximal effectiveness coefficients for disinfectants varied depending on
the type of water (ozonated/non-ozonated) used for disinfecting solutions preparation. Experiment was
made in 3 replications. As independent variables, the type of water was treated, and as a dependent
variable the determined maximal effectiveness coefficients for disinfectants was recognized. Significance
of differences between mean coefficient value obtained for particular disinfectant depending on type of
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water was checked. For this purpose, the general line models (GLM) were used. The one-way ANOVA
was conducted. The Tukey post-hoc test was used for significance of α = 0.05.

3. Results

3.1. Assessment of Biocidal Effectiveness of Ozonated and Non-Ozonated Water

The non-ozonated water did not show biocidal efficacy against the tested strains of L. monocytogenes.
The determined concentration of ozone in ozonated water was 2.32 μg/mL (± 0.022 μg/mL). The

ozonated water, used immediately after preparation, inhibited bacterial growth at ozone concentrations
1.86–1.96 μg/mL, with the lowest resistance characterized for the reference strain (1.86 μg/mL) and the
highest—for strains derived from meat and fish (1.96 μg/mL). For the ozonated water after two h from
the end of the ozonation process, for all tested L. monocytogenes strains, the total lack of efficacy was
demonstrated (Figure 1).

Figure 1. Effectiveness of ozonated water against the tested strains of L. monocytogenes (LMO-ATCC—
L. monocytogenes ATCC 19111, LMO-W—strain isolated from vegetables, LMO-M—strain isolated from
meat, LMO-N—strain isolated from dairy products, LMO-R—strain isolated from fish, LMO-K—clinical
strain.; a,b,c—variables with different letters are statistically different (p ≤ 0.05).

3.2. Evaluation of Effectiveness of Disinfectant

Disinfectants based on ozonated water were characterized by a higher biocidal efficiency than
solutions based on non-ozonated water (Table 3). In most cases these differences were statistically
significant (p ≤ 0.05) (Table 3).

Among the tested disinfectants, regardless of type of water used for preparation, the most effective
against L. monocytogenes were: QAC 1 (1.00 × 10−5–1.00 × 10−4 g/mL) in quaternary ammonium
compounds, OA 3 (3.08 × 10−4–3.70 × 10−3 g/mL) in oxidizing agents, ChC 1 (5.00 × 10−8–7.00
× 10−7 g/mL) in chlorine compounds, IC 1 (1.05–2.15 g/mL) in iodine compounds and NANO 1
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(1.08 × 10−4–1.47 × 10−4 g/mL) in nanoparticles (Table 3). In case of NANO 2, the solution based on
non-ozonated water, was totally ineffective against all tested L. monocytogenes strains. Moreover, the
OA 2 solution based on non-ozonated water was also ineffective against LMO-W, LMO-M and LMO-R
strains (Table 3).

The MBC value of tested disinfectants determined for particular examined strains of
L. monocytogenes were very similar, so the effect was not strain-dependent. None strain-dependent
differences in MBC were stated in case of QAC 2, QAC 3, OA 1, OA 4 and NANO 2 (Table 3). In all
cases the concentration of disinfectants equal MBC value cause decrease in bacteria number below the
detection limit. In Table 4, the logarithmic decreases in bacteria number after using the disinfectant
concentration directly preceding MBC (preMBC), for solution based on ozonated and non-ozonated
water, are presented. For solutions of disinfectants prepared on the basis of ozonated water, the
determined preMBC values were lower, and despite this the logarithmic decreases in the number of
L. monocytogenes were found to be higher. The observed differences in decreases were, in most cases,
statistically significant (p ≤ 0.05) (Table 4).

Table 4. Logarithmic decreases in bacteria number after using the disinfectant concentration directly
preceding MBC (preMBC).

Group of
Disinfectants

Disinfectant Water Type
Reduction in Bacteria Number (log CFU)

Strain

LMO-ATCCLMO-W LMO-M LMO-N LMO-R LMO-K

Quaternary
ammonium
compounds

QAC 1
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 7.23 a 6.96 a 6.84 a 6.92 a 6.76 a 7.07 a

Ozonated 8.28 b 8.00 b 7.88 b 7.97 b 7.80 b 8.12 b

QAC 2
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 7.05 a 6.78 a 6.62 a 6.75 a 6.50 a 6.90 a

Ozonated 7.93 b 7.65 b 7.62 b 7.49 a 7.36 b 7.77 b

QAC 3
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.70 a 6.43 a 6.27 a 6.40 a 6.15 a 6.55 a

Ozonated 7.49 a 7.22 a 7.06 a 7.19 a 6.93 a 7.34 a

Oxidizing
agents

OA 1
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.52 a 6.26 a 6.10 a 6.22 a 5.98 a 6.37 a

Ozonated 7.23 b 6.96 a 6.79 a 6.93 a 6.67 a 7.07 a

OA 2
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 2.64 a 2.43 a 2.37 a 2.17 a 2.26 a 2.53 a

Ozonated 5.11 b 4.87 b 4.59 b 4.82 b 4.70 b 4.98 b

OA 3
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.61 a 6.35 a 6.18 a 6.31 a 6.06 a 6.46 a

Ozonated 7.40 a 7.13 a 6.97 a 7.08 a 6.80 a 7.25 a

OA 4
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.43 a 6.18 a 6.02 a 6.12 a 5.83 a 6.29 a

Ozonated 7.35 b 7.04 b 6.90 b 7.00 b 6.75 b 7.10 b

Chlorine
compounds

ChC 1
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 7.67 a 7.39 a 7.23 a 7.33 a 7.06 a 7.52 a

Ozonated 8.55 b 8.30 b 8.24 b 8.10 a 7.91 b 8.33 b

ChC 2
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 7.31 a 6.95 a 6.71 a 6.93 a 6.58 a 7.08 a

Ozonated 7.85 a 7.56 a 7.30 a 7.55 a 7.41 b 7.65 a
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Table 4. Cont.

Group of
Disinfectants

Disinfectant Water Type
Reduction in Bacteria Number (log CFU)

Strain

LMO-ATCCLMO-W LMO-M LMO-N LMO-R LMO-K

Iodine
compounds

IC 1
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.48 a 6.22 a 6.05 a 6.16 a 5.93 a 6.37 a

Ozonated 7.54 b 7.26 b 7.17 b 7.31 b 7.03 b 7.38 b

IC 2
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.49 a 6.21 a 6.03 a 6.15 a 5.90 a 6.33 a

Ozonated 7.63 b 7.34 b 7.16 b 7.30 b 7.04 b 7.47 b

Nanoparticles

NANO 1
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 6.17 a 5.91 a 5.75 a 5.87 a 5.69 a 6.03 a

Ozonated 7.05 b 6.79 b 6.62 b 6.75 b 6.50 b 6.90 b

NANO 2
Initial no. 8.81 8.69 8.71 8.76 8.66 8.73

Nonozonated 1.76 a 1.57 a 1.30 a 1.49 a 1.37 a 1.66 a

Ozonated 6.03 b 5.75 b 5.87 b 5.91 b 5.63 b 6.17 b

QAC 1—benzyl-C12-18-alkydimethyl ammonium chlorides; QAC 2—benzyl-C12-16 alkyldimethyl chlorides; QAC
3—didecyldimethylammonium chloride, benzyl-C12-16-alkyldimethyl chlorides; OA 1—hydrogen peroxide, silver
nitrate; OA 2—perlactic acid; OA 3—peracetic acid, hydrogen peroxide bis (sulphate) bis (peroxymonosulfate); OA
4—pentapotassium, benzenesulfonic acid, C10-13 alkyl derivatives, sodium salts, malic acid, sulfamic acid; ChC
1—chlorine dioxide; ChC 2—hypochlorous acid calcium salt; IC 1—iodine, IC 2—iodine; NANO 1—nanocopper;
NANO 2—nanosilver; LMO-ATCC—L. monocytogenes ATCC 19111, LMO-W—strain isolated from vegetables,
LMO-M—strain isolated from meat, LMO-N—strain isolated from dairy products, LMO-R—strain isolated from
fish, LMO-K—clinical strain, a,b—values marked with different letters differ statistically significantly (p ≤ 0.05)
(Tested separately for each disinfectant and each strain depending on water type—ozonated/non-ozonated).

3.3. Coefficients of Effectiveness of Disinfectants

The values of the activity coefficient for all strains and disinfectants are shown in Table 5. These
values for quaternary ammonium compounds ranged from 0.10 to 0.40, for oxidizing agents—from
0.15 to 0.84, for chlorine compounds—from 0.25 to 0.83, for iodine compounds—from 0.45 to 0.60 and
for nanoparticles—from 0.70 to 0.84 (Table 5). It was shown, ozonated water had the greatest impact
on the efficiency of the quaternary ammonium compounds whereas did not significantly improve the
effectiveness of nanoparticles (Figure 2).

Table 5. Efficiency coefficient values for tested strains and disinfectants.

Disinfectant

Efficiency Coefficient (A)

Strain

LMO-ATCC LMO-W LMO-M LMO-N LMO-R LMO-K

QAC 1 0.40 a 0.20 b 0.25 b,g 0.25 b,g 0.25 b,g 0.40 a

QAC 2 0.10 c,f 0.10 c,f 0.10 c,f 0.10 c,f 0.10 c,f 0.10 c,f

QAC 3 0.10 c,f 0.20 b 0.10 c,f 0.10 c,f 0.10 c,f 0.10 c,f

OA 1 0.84 d 0.84 d 0.84 d 0.84 d 0.84 d 0.84 d

OA 2 0.55 e,i Ineffective Ineffective 0.55 e,i Ineffective 0.55 e,i

OA 3 0.22 b 0.22 b 0.23 b 0.17 b,f 0.15 b,f 0.22 b

OA 4 0.38 a 0.38 a 0.38 a 0.38 a 0.38 a 0.38 a

ChC 1 0.25 b,g 0.25 b,g 0.43 a 0.25 b,g 0.33 a,g 0.25 b,g

ChC 2 0.83 d 0.63 e,h 0.56 e 0.63 e,h 0.71 h,j 0.70 h,j

IC 1 0.49 a,i 0.60 e,h 0.60 e,h 0.60 e,h 0.60 e,h 0.49 a,i

IC 2 0.45 a,i 0.45 a,i 0.45 a,i 0.45 a,i 0.45 a,i 0.45 a,i

NANO 1 0.70 h,j 0.84 d 0.81 d 0.79 d,j 0.81 d 0.79 d,j

NANO 2 Ineffective Ineffective Ineffective Ineffective Ineffective Ineffective

QAC 1—benzyl-C12-18-alkydimethyl ammonium chlorides; QAC 2—benzyl-C12-16 alkyldimethyl chlorides; QAC
3—didecyldimethylammonium chloride, benzyl-C12-16-alkyldimethyl chlorides; OA 1—hydrogen peroxide, silver
nitrate; OA 2—perlactic acid; OA 3—peracetic acid, hydrogen peroxide bis (sulphate) bis (peroxymonosulfate); OA
4—pentapotassium, benzenesulfonic acid, C10-13 alkyl derivatives, sodium salts, malic acid, sulfamic acid; ChC
1—chlorine dioxide; ChC 2—hypochlorous acid calcium salt; IC 1—iodine, IC 2—iodine; NANO 1—nanocopper;
NANO 2—nanosilver; LMO-ATCC—L. monocytogenes ATCC 19111, LMO-W—strain isolated from vegetables,
LMO-M—strain isolated from meat, LMO-N—strain isolated from dairy products, LMO-R—strain isolated from
fish, LMO-K—clinical strain, a–j—values marked with different letters differ statistically significantly (p ≤ 0.05).
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Figure 2. Values of efficacy coefficients for the tested disinfectants, including their belonging
to distinguished groups (QAC—quaternary ammonium compounds, OA—oxidizing agents,
ChC—chlorine compounds, IC—iodine compounds, NANO—nanoparticles); a–g—variables with
different letters are statistically different (p ≤ 0.05)

It was not possible to select the L. monocytogenes strain, for which the increase in the effectiveness
of all tested disinfectants would be the greatest or the smallest after preparation of solutions with
ozonated water (Table 5).

The lowest maximal value of the efficacy coefficient, and therefore the highest increase in
microbicidal effectiveness after using ozonated water, was demonstrated for QAC 2 (0.10) and QAC
3 (0.20) and OA 3 (0.23). The values of the efficacy coefficient differ significantly (p > 0.05) between
QAC 2 versus QAC 3 and OA 3 (Figure 2). The highest maximal efficacy coefficients, indicating a
small improvement in the bactericidal effectiveness of solutions based on ozonated water in relation to
solutions prepared with non-ozonated water, were found for OA 1 (0.84), ChC 2 (0.83) and NANO 1
(0.84). The above values of coefficients differed statistically significantly (p ≤ 0.05) with the majority of
values calculated for the remaining disinfectants (Figure 2).

3.4. Assessment of the Stability of QAC 2, OA 3, and ChC 1 Solutions

QAC 2, OA 3, and ChC 1 were chosen as the agents from different groups with the lowest maximal
value of efficacy to assess the stability of the solutions. The stability results of the tested solutions are
shown in Table 6.

It has been shown that during the storage of disinfectant solutions, their biocidal activity decreases
against L. monocytogenes strains. Decrease in the biocidal activity of disinfectant solutions, which were
prepared using both ozonated and non-ozonated water, was observed. The greater decrease in biocidal
activity was visible for solutions prepared with the use of ozonated water (Table 6).

The activity of the QAC 2 solutions decreased over all tested strains after 24 h of storage, both
for solutions with non-ozonated and ozonated water. In the case of OA 3 and ChC 1 disinfectants,
a decrease in activity was observed for all tested strains of L. monocytogenes after 12 and 24 h of storage,
for both type of water used for solutions preparation (Table 6).
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For all the disinfectants included in this part of the study, a gradual increase in the efficiency
coefficient was observed during storage (Table 7). For OA 3 and ChC 1, after 12 h from preparation,
the antilisterial effectiveness of the solution based on ozonated and non-ozonated water was almost
identical. For QAC 2, this was observed after 24 h (Table 7). After 24 h, in the case of QAC 2 for LMO-R
strain, OA 3 strains for LMO-W and LMO-N strains and ChC 1 for LMO-N strain, the effectiveness of
solution based on ozonated water was lower than for those prepared on non-ozonated water (Table 7).

Table 7. Efficiency coefficient values for tested strains and disinfectants after storage of solutions.

Disinfectant
Storage
Time (h)

Efficiency Coefficient (A)

Strain

LMO-ATCC LMO-W LMO-M LMO-N LMO-R LMO-K

QAC 2 (working solution:
2.55 × 100 g/mL)

0
12
24

0.10 a

0.80 b

1.00 b,c

0.10 a

0.10 a

1.00 b,c

0.10 a

0.10 a

1.00 b,c

0.10 a

0.10 a

1.00 b,c

0.10 a

0.10 a

1.17 c

0.10 a

0.80 b

1.00 b,c

OA 3 (working solution:
6.15 × 10−3 g/mL)

0
12
24

0.22 a

0.96 b

1.00 b,c

0.22 a

0.96 b

1.02 b,c

0.23 a

1.00 b,c

1.00 b,c

0.17 a

0.97 b

1.06 b,c

0.16 a

0.96 b

0.98 b,c

0.17 a

1.00 b,c

1.00 b,c

ChC 1 (working solution:
1.00 × 10−5 g/mL)

0
12
24

0.25 a,e

0.67 f

1.00 b,c

0.25 a

0.83 b

1.00 b,c

0.43 d

1.00 b,c

1.00 b,c

0.25 a,e

1.00 b,c

1.14 b,c

0.33 d,e

1.00 b,c

1.00 b,c

0.25 a,e

0.80 b

1.00 b,c

QAC 2—benzyl-C12-16 alkyldimethyl chlorides; OA 3—peracetic acid, hydrogen peroxide bis (sulphate) bis
(peroxymonosulfate); ChC 1—chlorine dioxide; LMO-ATCC—L. monocytogenes ATCC 19111, LMO-W—strain
isolated from vegetables, LMO-M—strain isolated from meat, LMO-N—strain isolated from dairy products,
LMO-R—strain isolated from fish, LMO-K—clinical strain, a–f—values marked with different letters differ statistically
significantly (p ≤ 0.05).

4. Discussion

Ozone is one of the strongest disinfectants, which are active after a short contact time and in
low concentration. It has biocidal effect on many types of microorganisms [4]. Muthukumar and
Muthuchama’s [20] studies confirmed a decrease in the number of microorganisms by 2.00 × 106 CFU
in 1g of raw chicken samples. While Sheelamary and Muthukumar [21] showed complete inactivation
of microorganisms isolated from samples of milk and its products after only 15 min with emission of
0.2 g O3/h.

In the literature, research work on the evaluation of the effectiveness of gas ozone in combination
with various physical methods has been found [22–25]. Sung et al. [23] examined the action of gas
ozone and high temperature on inactivation of L. monocytogenes present in apple juice. The synergistic
effect was obtained when the temperature was 50 ◦C. Kumar et al. [25] during a 10-min exposure to
ozone gas and UV showed a decrease in the number of L. monocytogenes in fresh brine by more than
9 log CFU/mL, and hourly ozonation combined with ten-minute UV irradiation resulted in a reduction
of microbes over 5 log CFU/mL in used brines. The effect of low concentrations of ozone and metal ions
in the reduction of L. monocytogenes was studied by Kang et al. [26], who showed that the use of ozone
in concentrations of 0.2 and 0.4 ppm in combination with 1 mM CuCl2 and 0.1 mM AgNO3 by 30 min
is much more effective than using ozonated water (p < 0.05) only. Marino et al. [27] evaluated the effect
of gas ozone and ozone in water on the survival of Pseudomonas fluorescens, Staphylococcus aureus, and
L. monocytogenes cells in the biofilm structure on the surface of stainless steel. They showed that the
use of ozone in the aqueous solution affected the reduction of the number of bacteria by 1.61–2.14 log
CFU/cm2 after 20 min exposure, while the reduction values were higher (3.26–5.23 log CFU/cm2) in the
case of biofilms treated with ozone under dynamic flow conditions. They also showed that S. aureus
was the most sensitive species for ozone dissolved in water [27]. Korany et al. [28] showed that the use
of ozonated water (1 min) against the structure of L. monocytogenes biofilm on the surface of polystyrene
at the concentration of 1.0, 2.0, and 4.0 ppm resulted in a bacterial number reduction of 0.9, 3.4, and 4.1
log CFU/cm2, respectively. Moreover Korany et al. [28] found that quaternary ammonium compounds
(QAC) (100/400 ppm), chlorine (100/200 ppm), chlorine dioxide (2.5/5.0 ppm) and peracetic acid (PAA)
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(80/160 ppm) resulted in a reduction of 2.4/3.6, 2.0/3.1, 2.4/3.8, and 3.6/4.8 log CFU/cm2, respectively.
The antimicrobial efficacy of all tested disinfectants against the 7-day L. monocytogenes biofilm was
significantly lower compared to 2-day biofilms, and the biofilm age having the minor impact on the
effectiveness of PAA [28].

To date, information on the synergistic effect of ozonated water and disinfectants was not found.
However, it should be expected that the implementation of a solution of disinfectants based on ozonated
water will increase the effectiveness of the tested agents, at least up to the level of additive action.

In this study, the biocidal efficacy of ozonated water and non-ozonated water was evaluated.
Non-ozonated water was characterized by a complete lack of biocidal activity, against all tested strains
of L. monocytogenes. The ozonated water, used immediately after preparation, containing 1.86–1.96 μg
O3/cm3, was effective for all tested isolates. The LMO-M and LMO-R strains were characterized by the
highest resistance (MBC: 1.96 μg/cm3), and the LMO-ATCC strain (MBC: 1.86 μg/cm3) was the most
sensitive. Fishburn et al. [29] showed that the use of ozonated water in vegetable washing can cause a
decrease in the number of L. monocytogenes strains by about 0.5 log CFU/g (broccoli, lettuce) to 1.5 log
CFU/g (green onion), in relation to washing in non-ozonated water. Larivière-Gauthier et al. [30] have
shown that the use of ozonated water containing 3.5 ppm ozone improves the efficiency of cleaning
and disinfection in a pork cutting plant, increasing the proportion of free surfaces from L. monocytogenes
by 12.5%. Arayan et al. [11] showed that the lowest biocidal concentration against Staphylococcus aureus
(strains isolated from food products) was 0.5 ppm of ozone with an exposure time of 0.1 min. The
addition of organic pollutants such as fetal bovine serum (FBS) resulted in a decrease in the biocidal
effectiveness of the ozonated water [11]. Also Korany et al. [28] showed lower efficacy of disinfectants,
including ozonated water, in case of the presence of organic contamination (diluted milk and apple
juice) in the environment.

The results of our study showed that after 1 and 2 h of storage of ozonated water its activity
decreased, as evidenced by the need to use higher concentrations of ozone to eliminate L. monocytogenes
strains after longer storage period of ozonated water. This was probably related to the decomposition
of ozone, which is unstable and has a water stability of 20–40 min. This is confirmed by the studies
of Białoszewski et al. [12] who used ozonated water after 30 min of its preparation and observed a
decrease in ozone concentration from the initial 2.5–3.0 μg/mL to 1.3–1.5 μg/mL. Despite the decrease
in ozone content, they did not show a decrease in the biocidal effectiveness of water. Research carried
out by Seki et al. [10] showed that storage of ozonated water at 4 ◦C and 25 ◦C significantly affected
its durability. The highest decrease (90.0%) in ozone concentration was noticed after one week of
storage at 25 ◦C. However, tests carried out at 4 ◦C by Seki et al. [10] showed that after one week the
concentration of ozone in water maintained at the level of above 90%, after a month about 65%, and
after one year of storage ozone was not found in water. The effect of biocidal ozonated water stored
at 4◦C against Escherichia coli has been confirmed. Seki et al. [10] also assessed the effect of freezing
and thawing on the durability of ozone in water. They showed that the first freeze-thaw cycle did not
affect the ozone concentration in water, but after four cycles it was found that the ozone concentration
decreased to about 90% [10].

This study allowed to assess and compare the biocidal efficacy of solutions of thirteen selected
disinfectants made using non-ozonated water and ozonated water against L. monocytogenes strains.
It was shown that disinfectants based on ozonated water were characterized by higher microbicidal
effectiveness, compared to solutions based on non-ozonated water and were more effective than
ozonated water alone. This shows the synergistic effect of ozonated water and disinfectants. This may
be related to the same target site of the test compound and ozone in bacterial cells. For example, QACs
or peracetic acid act similarly to ozone, destabilizing the bacterial cell membrane, making it more
permeable [31,32]. The synergistic mechanism of action can also be the result of influence of ozone and
the active substance of the disinfectants on other structures of the bacterial cell, which will result in an
increase of microbicidal effect. Oxidizing compounds (e.g., hydrogen peroxide, hypochlorous acid,
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and peracetic acid) cause the oxidation of thiol groups of cysteine residues, which are often found in
the active sites of many bacterial enzymes, such as, for example, dehydrogenases.

It was found that the use of ozonated water for solution preparation, improves the microbicidal
properties of all tested disinfectants, with the exception of nanosilver. The greatest impact of ozonated
water on disinfectant effectiveness was noted for quaternary ammonium compounds. This type
of disinfectants displayed the highest biocidal efficacy against tested isolates. The strong biocidal
activity of quaternary ammonium compounds against L. monocytogenes strains is confirmed by the
results of Chavant et al. [33], which showed 98% effectiveness in eliminating planktonic forms.
In contrast, Aarnisalo et al. [34] have shown that quaternary ammonium compounds are characterized
by lower biocidal efficacy against L. monocytogenes strains than disinfectants based on chlorine, ethanol,
isopropanol and peracetic acid. In our study, the LMO-R strain was the most resistant to the effect of
NANO 1, OA 2, and OA 3 preparations belonging to oxidizing compounds, and the LMO-M strain was
the most resistant to the ChC 1 compound from the group of chlorine derivatives. The LMO-ATCC
strain was characterized by the highest sensitivity against ChC 1. Heir et al. [35] and Popowska et
al. [36] showed different sensitivity of L. monocytogenes to disinfectants depending on the origin of
the strain.

The conducted studies also evaluated the durability of solutions with the lowest efficiency index
for QAC 2, OA 3, and ChC 1. The decrease in the biocidal activity of disinfectant solutions prepared
using non-ozonated water may suggest that they are gradually inactivated during storage.

The results of our study show that ozonated water have microbicidal properties. Since ozonated
water and disinfectants show a synergistic effect of a biocidal action its combination can be used to more
effectively eradicate microorganisms. Moreover ozonated water can reduce the working concentration
of disinfectants. However, it is important to remember about the short half-life of ozone and to use it
directly or in a short time after the preparation of appropriate disinfecting solutions.

To elucidate the mechanism of joint action of disinfectants and ozonated water on the disruption
of bacterial cell structure further research are needed. In our study, the Columbia Agar with 5% sheep
blood was used, which is a non-selective medium. The use of such a medium provided suitable
conditions for the regeneration of sub-lethal injured cells. Presence of selective and differential agents
in a medium could inhibit the growth of such cells relative to non-selective medium and thus counts
obtained from treated samples enumerated on selective media are typically lower than those obtained
from non-selective media. This tendency is confirmed by studies by Fouladkhah et al. [37] who showed
that when assessing the growth of bacteria on selective medium on day 0 the number of colonies
ranged from 1.5 ± 0.8 to 2.0 ± 0.8 log CFU/cm2 and increased to values from 2.9 ± 0.5 to 4.3 ± 0.4 log
CFU/cm2 on 7 day. In turn, the results obtained after cultivation on non-selective media ranged from
2.0 ± 0.5 to 2.3 ± 0.4 log CFU/cm2 on day 0 and from 6.4 ± 0.6 to 7.1 ± 0.4 log CFU/cm2 on day 7 [37].

5. Conclusions

We can state that the ozonated water, in contrast to non-ozonated water, showed biocidal efficacy
against examined L. monocytogenes strains though its activity decreases over time. Moreover, it was
demonstrated that ozonated water improved the biocidal effectiveness of disinfecting agents. Among
the tested solutions of disinfectant, the most effective group were quaternary ammonium compounds
and chlorine compounds. The lowest biocidal activity against the tested strains of L. monocytogenes were
characterized by nanoparticles. The biocidal activity of disinfectants against tested L. monocytogenes
strains decreases during storage regardless of the disinfectant type.
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użyteczności publicznej - metoda badania i wymagania (faza 2, etap 1). (In Polish). Available online:
http://sklep.pkn.pl/pn-en-1276-2010e.html (accessed on 1 March 2019).

15. International Organization for Standardization (ISO). Water Quality—Determination of Free Chlorine and Total
Chlorine—Part 2: Colorimetric Method Using N,N-dialkyl-1,4-phenylenediamine, for Routine Control Purposes; ISO:
Geneva, Switzerland, 2017.

16. Kasprzyk-Hordern, B.; Ziółek, M.; Nawrocki, J. Catalytic ozonation and methods of enhancing molecular
ozone reactions in water treatment. Appl. Catal. B Environ. 2003, 46, 639–669. [CrossRef]

17. American Public Health Association (APHA). Technical Committee on Microbiological Methods for Foods.
In Compendium of Methods for the Microbiological Examination of Foods; APHA: Washington, DC, USA, 1984.

18. U.S. Food and Drug Administration (FDA). Bacteriological Analytical Manual; AOAC: Arlington, VA, USA, 2017.
19. Skowron, K.; Grudlewska, K.; Krawczyk, A.; Gospodarek-Komkowska, E. The effectiveness of radiant

catalytic ionization in inactivation of Listeria monocytogenes planktonic and biofilm cells from food and food
contact surfaces as a method of food preservation. J. Appl. Microbiol. 2018, 124, 1493–1505. [CrossRef]

20. Muthukumar, A.; Muthuchamy, M. Optimization of ozone in gaseous phase to inactive Listeria monocytogenes
on raw chicken samples. Food Res. Int. 2013, 54, 1128–1130. [CrossRef]

105



Microorganisms 2019, 7, 127

21. Sheelamary, M.; Muthukumar, M. Effectiveness of Ozone in Inactivating Listeria monocytogenes from Milk
Samples. World J. Young Res. 2011, 1, 40–44.

22. Patil, S.; Valdramidis, V.; Frias, J.M.; Cullen, P.; Bourke, P. Ozone inactivation of acid stressed Listeria
monocytogenes and Listeria innocua in orange juice using a bubble column. Food Control 2010, 21, 1723–1730.
[CrossRef]

23. Sung, H.J.; Song, W.J.; Kim, K.W.; Ryu, S.; Kang, D.H. Combination effect of ozone and heat treatments for
the inactivation of Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria monocytogenes in apple juice.
Int. J. Food Microbiol. 2013, 171, 147–153. [CrossRef] [PubMed]

24. Song, W.J.; Shin, J.Y.; Ryu, S.; Kang, D.H. Inactivation of Escherichia coli O157:H7, Salmonella Typhimurium and
Listeria monocytogenes in apple juice at different pH levels by gaseous ozone treatment. J. Appl. Microbiol.
2015, 119, 465–474. [CrossRef] [PubMed]

25. Kumar, G.D.; Williams, R.C.; Sumner, S.S.; Eifert, J.D. Effect of ozone and ultraviolet light on Listeria
monocytogenes populations in fresh and spent chill brines. Food Control 2016, 59, 172–177. [CrossRef]

26. Kang, S.N.; Kim, K.J.; Park, J.H.; Lee, O.H. Effect of a combination of low level ozone and metal ions on
reducing Escherichia coli O157:H7 and Listeria monocytogenes. Molecules 2013, 18, 4018–4025. [CrossRef]

27. Marino, M.; Maifreni, M.; Baggio, A.; Innocente, N. Inactivation of Foodborne Bacteria Biofilms by Aqueous
and Gaseous Ozone. Front. Microbiol. 2018, 9, 2024. [CrossRef]

28. Korany, A.M.; Hua1, Z.; Green, T.; Hanrahan, I.; El-Shinawy, S.H.; El-Kholy, A.; Hassan, G.; Zhu, M.J. Efficacy
of Ozonated Water, Chlorine, Chlorine Dioxide, Quaternary Ammonium Compounds and Peroxyacetic Acid
Against Listeria monocytogenes Biofilm on Polystyrene Surfaces. Front. Microbiol. 2018, 9, 2296. [CrossRef]

29. Fishburn, J.D.; Tang, Y.; Frank, J.F. Efficacy of Various Consumer-Friendly Produce Washing Technologies in
Reducing Pathogens on Fresh Produce. Food Protect. Trends 2011, 32, 456–466.

30. Lariviere-Gauthier, G.; Letellier, A.; Quessy, S.; Fournaise, S.; Fravalo, P. Assessment of the efficiency of
ozonated water as bacterial contamination reduction tool in a pork cutting plant. SafePork 2013, 42, 143–146.

31. Ioannou, C.J.; Hanlon, G.W.; Denyer, S.P. Action of disinfectant quaternary ammonium compounds against
Staphylococcus aureus. Antimicrob. Agents Chemother. 2007, 51, 296–306. [CrossRef]

32. Leggett, M.J.; Schwarz, J.S.; Burke, P.A.; McDonnell, G.; Denyer, S.P.; Maillard, J.-Y. Mechanism of sporicidal
activity for the synergistic combination of peracetic acid and hydrogen peroxide. Appl. Environ. Microbiol.
2016, 82, 1035–1039. [CrossRef]

33. Chavant, P.; Gaillard- Martine, B.; Hébraud, M. Antimicrobial effects of sanitizers against planktonic and
sessile Listeria monocytogenes cells according to the growth phase. FEMS Microbiol. Lett. 2004, 236, 241–248.
[CrossRef]

34. Aarnisalo, K.; Lundén, J.; Korkeala, H.; Wirtanen, G. Susceptibility of Listeria monocytogenes strains to
disinfectants and chlorinated alkaline cleaners at cold temperatures. LWT 2008, 40, 1041–1048. [CrossRef]

35. Heir, E.; Lindstedt, B.A.; Røtterud, O.J.; Vardund, T.; Kapperud, G.; Nesbakken, T. Molecular epidemiology
and disinfectant susceptibility of Listeria monocytogenes from meat processing plants and human infections.
Int. J. Food Microbiol. 2004, 96, 85–96. [CrossRef]

36. Popowska, M.; Olszak, M.; Markiewicz, Z. Susceptibility of Listeria monocytogenes strains isolated from
dairy products and frozen vegetables to antibiotics inhibiting murein synthesis and to disinfectants. Pol. J.
Microbiol. 2006, 55, 279–288. [PubMed]

37. Fouladkhah, A.; Geornaras, J.; Sofos, J.N. Biofilm formation of O157 and Non-O157 Shiga toxin-producing
Escherichia coli and multidrug-resistant and susceptible Salmonella Typhimurium and Newport and their
inactivation by sanitizers. J. Food Sci. 2013, 78, 880–886. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

106



microorganisms

Review

Development of Salmonellosis as Affected by
Bioactive Food Compounds

Ajay Kumar 1,*, Abimbola Allison 2, Monica Henry 2, Anita Scales 2 and

Aliyar Cyrus Fouladkhah 2,3,*

1 Division of Gastroenterology, Hepatology and Nutrition, Department of Pediatrics, University of Virginia
School of Medicine, Charlottesville, VA 22908, USA

2 Public Health Microbiology Laboratory, Tennessee State University, Nashville, TN 37209, USA;
abimbolaallison20@gmail.com (A.A.); mhenry3@my.tnstate.edu (M.H.); ascales3@my.tnstate.edu (A.S.)

3 Cooperative Extension Program, Tennessee State University, Nashville, TN 37209, USA
* Correspondence: KumarAjay.Healthsciences@gmail.com (A.K.); afouladk@tnstate.edu or

aliyar.fouladkhah@aya.yale.edu (A.C.F.); Tel.: +1-434-924-8960 (A.K.); +1-970-690-7392 (A.C.F.)

Received: 30 August 2019; Accepted: 17 September 2019; Published: 18 September 2019

Abstract: Infections caused by Salmonella serovars are the leading cause of foodborne hospitalizations
and deaths in Americans, extensively prevalent worldwide, and pose a considerable financial
burden on public health infrastructure and private manufacturing. While a comprehensive review
is lacking for delineating the role of dietary components on prevention of Salmonellosis, evidence
for the role of diet for preventing the infection and management of Salmonellosis symptoms is
increasing. The current study is an evaluation of preclinical and clinical studies and their underlying
mechanisms to elaborate the efficacy of bioactive dietary components for augmenting the prevention of
Salmonella infection. Studies investigating dietary components such as fibers, fatty acids, amino acids,
vitamins, minerals, phenolic compounds, and probiotics exhibited efficacy of dietary compounds
against Salmonellosis through manipulation of host bile acids, mucin, epithelial barrier, innate
and adaptive immunity and gut microbiota as well as impacting the cellular signaling cascades of
the pathogen. Pre-clinical studies investigating synergism and/or antagonistic activities of various
bioactive compounds, additional randomized clinical trials, if not curtailed by lack of equipoise
and ethical concerns, and well-planned epidemiological studies could augment the development
of a validated and evidence-based guideline for mitigating the public health burden of human
Salmonellosis through dietary compounds.

Keywords: dietary bioactive components; salmonellosis; bile acids; epithelial barrier; gut microbiota

1. Introduction

Despite increased awareness and development of treatments such as antimicrobial interventions
in manufacturing and antibiotic therapies in healthcare facilities for over a hundred years, Salmonella
serovars are still a major concern in infectious diseases related premature morbidity and mortality [1–4].
Various serovars of Salmonella are the leading cause of foodborne hospitalizations and deaths in
Americans causing over one million, about 20,000, and 378 annual illness, hospitalization, and deaths
episodes, respectively [5]. Non-typhoidal Salmonella serovars are also the leading agent among most
common foodborne infectious diseases, responsible for highest number (32,900 years) of disability
adjusted life year (DALY), annually [6]. National Antimicrobial Resistance Monitoring System (NARMS)
and other epidemiological sampling also reveal a widespread presence of multiple drug resistance
(MDR) phenotypes of the pathogen in various facilities—as an example, 0.6% of ground meat samples
may harbor MDR Salmonella [7] with approximately 7% of them displaying MDR-AmpC phenotype [8].
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As such, the U.S. Department of Health and Human Services had categorized non-typhoidal Salmonella
as a “serious threat” to the public health [9].

Data from world population also indicate that the pathogen is one of the leading causes of deaths
associated with diarrheal diseases globally, with estimated 3.4 million cases (invasive non-typhoidal
Salmonella serovars) and over 600,000 deaths annually [10,11]. The bacterium is a Gram-negative
organism with a complicated and evolving nomenclature, currently consist of two species, at least six
sub-species, and over 2500 serovars [12].

Changes in production and manufacturing practices, increased international commerce and travel,
increased proportion of at-risk populations for infectious diseases, and changes in population’s eating
habits during last few decades had contributed to increased incidences of Salmonella infections [13,14].
Salmonella serovars induce acute inflammation in the intestinal track after infection and utilizes the
environment to further proliferate and colonize [15–17]. Colonization resistance against Salmonella is
modulated by gut microflora, intestinal immunity, epithelium, and quality and quantity of digestive
fluids. Various food components have been shown to modulate these factors and could be a potential
intervention for reducing the likelihood of enteric infections.

Over the past 20 years, role of the dietary agents in shaping immunity against enteric infections has
becoming increasingly evident [18–22] and piqued the interest in nutritional interventions for enteric
infections. Several dietary components ranging from polyphenolic compounds, fibers, micronutrients,
fatty acids, peptides, and carbohydrates of plant and animal origin had been shown efficacious against
Salmonella serovars in various experimental models [22–32]. These associations are the result of an
array of potential biochemical pathways, very complex and dynamic in nature, including interactions
among dietary components, gut epithelium, digestive system, immune system and gut microbiota
as affected by various seasons [33–37]. Better understanding of these underlying mechanisms could
reduce Salmonella prevalence in the food chain though modifications in food animal diets. It could
further reduce the public health burden of non-typhoidal Salmonella serovars by mitigating severe
symptoms and reducing the pathogen DALY and mortality rate in healthcare facilities for Salmonellosis
patients. Hence, the current work is a review of Salmonella infection studies as affected by various
dietary components with discussions of the mechanisms of action and types of preclinical, animal
models, and clinical studies employed.

2. Current Status of Knowledge

2.1. Effect of Dietary Components against Salmonella: In-Vitro Models

Dietary components may prevent infection outcome by directly affecting the pathogen
multiplication and virulence [7,38,39] or by modulating host response to the pathogens [26,37].
To test the direct effects of dietary components on pathogens, researchers have used food extracts or
dietary bioactive components on Salmonella cultures. Summary of potential relationships between
dietary components and Salmonella infections are presented in Figure 1. Following treatment
of dietary components, multiplication, and gene expression for virulence and motility could be
measured. These models are comparatively less expensive and less cumbersome to assess the
efficacy of dietary components for Salmonella infection. For instance, several essential oils were
added to Salmonella growth media at various doses and Salmonella multiplication was compared with
untreated controls [38]. Among 28 tested essential oils, Origanum heracleoticum, Cinnamomum cassia,
Corydothymus capitatus, Satureja montana, and Cinnamomum verum were particularly effective against
Salmonella Typhimurium [38]. Citrus flavonoids were similarly evaluated on Salmonella virulence gene
expression [39]. In the study, Naringenin, a flavanone present in grapefruit, repressed 24 genes in
pathogenicity island of Salmonella Typhimurium LT2 and further down-regulated 17 genes associated
with the pathogen motility [39]. Most recent studies also reveal similar trends, for example, various
essential oils extracted from Aloysia triphylla, Cinnamomum zeylanicum, Cymbopogon citratus, Litsea
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cubeba, Mentha piperita, and Syzygium aromaticum had been shown to be efficacious against Salmonella
serovars during in vitro challenge studies [40].

 

Figure 1. Relationships between dietary bioactive components and Salmonella infection. Dietary
bioactive components such as fiber, amino acids, vitamins and minerals, fatty acids, and polyphenols
improve the gut epithelium, microbiota, and immunity that may eventually lead to increased resistance
to Salmonella infection.

It is noteworthy that aforementioned studies are conducted without host interaction and
interpretation and generalization of the results should be drawn with caution and after further
investigations in presence of host cells.

Orally infected Salmonella can enter circulation through various routes. It can invade several
phagocytic and non-phagocytic cells depending upon serotype. In the murine model, Salmonella
invades both phagocytic and epithelial non-phagocytic cell types. Hence, in vitro models of Salmonella
entry have been developed to assess the effect of a test compound on a host. The Salmonella entry
model could reveal the mechanism of action of a test compound on an organism. Several human and
mouse cell lines such as Caco-2 [41] and RAW264.7 have been used in the literature to test efficacy
of the compounds against Salmonella entry. For example, secretory immunoglobulin A (SIgA) was
demonstrated to be a potent inhibitor for Salmonella Typhimurium entry into polarized monolayers of
HeLa cells [42].

Salmonella contains the pathogenicity islands for the secretion of effector molecules to infect the
target cells [43]. The molecules released by these secretory systems change the host cell cytoskeleton
to facilitate Salmonella entry. The in vitro Salmonella entry models are impactful in studying the
effects of dietary components on Salmonella as well as on host cells. However, these studies do not
represent involvement of all host cell types that are simultaneously present in gastrointestinal area of
humans. Dietary components could affect Salmonella virulence by affecting secretory systems or by
competing with Salmonella for the receptors on host cells [39]. Host cells can also release the cytokines
in response to the dietary components that can affect Salmonella virulence or motility. Therefore, in vitro
models of Salmonella infection can have great implications for assessing mechanisms of actions by the
dietary components.

2.2. Summary of Effect of Dietary Components on Salmonella Infection in Rodent Models

The fecal shedding of Salmonella, tissue colonization, local and systemic inflammatory changes,
survival and weight reduction are the major observable changes associated with Salmonella
infections in rodents. Bovee-Oudenhoven et al. showed reduced Salmonella fecal shedding when
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fructooligosaccharides were fed to the male Wistar rats as compared to the cellulose-fed group
after 2 weeks of dietary intervention [44]. Furthermore, dietary fructooligosaccharides increased
fecal Lactobacilli count and increased the translocation of Salmonella to the liver and spleen with an
increase in fecal mucin as compared to cellulose fed rats [19]. The author concluded that dietary
fructooligosaccharides decreased Salmonella colonization but increased the translocation potentially
due to irritation of mucosal membrane. Some of the mice strains succumb easily to Salmonella
infection and hence survival rate is the primary indicator of the dietary efficacy against infection.
Hitchins et al. showed that feeding of freeze dried yoghurt to male weanling Sprague-Dawley rats
increased overall survival rate and weight of the animals after intraperitoneal Salmonella challenge as
compared to rats fed on milk diet for 1 week [45]. Similarly, dietary feeding of Herba Pogostemonis
extract to Balb/c mice increased the overall survival rate as compared to control diet fed animals
after intraperitoneal Salmonella challenge [46]. Feeding of Herba Pogostemonis (Pogostemon cablin
Bantham extract) also reduced Salmonella liver damage as compared to control diet fed animals [46].
Recent studies similarly show association among various bioactive food compounds and prevention of
Salmonellosis. Supplementing the diet of albino rats with olive oil, as an example, had been shown to
have efficacy against Salmonella Typhi as a natural antimicrobial and non-toxic immune modulator [47].
These studies show that there are measurable markers for Salmonella infections in rodents and they can
be used as a model to mimic Salmonella infections in human host.

Both foodborne pathogens and dietary components pass through the stomach acid, when ingested.
Hence, gastric acidity is one of the important factors in determining stability of enteric pathogens. In a
randomized controlled clinical trial, gastric hypochlorhydria (low hydrochloric acid) was found to be
associated with increased Salmonella infections [48]. This hypothesis was also confirmed in the rodent
model of Salmonella infection. Tennant et al. [49] showed that treatment of mice with antacids resulted
in the decreased infectious dose of Salmonella as compared to normal mice.

Similar results were also observed in a constitutively hypochlorhydric mice (proton pump
mutation) as compared to the normal mice [49]. Additionally, gastric pH not only affects the survival of
pathogens but also affects digestion and absorption of foods. Lucas et al. showed that an increase in pH
from 1.5 to 2.5 reduced digestion of the kiwifruit peptides [50]. Gastric pH also modulates absorption
of micronutrients such as zinc. Henderson et al. observed higher plasma zinc levels in the young
healthy volunteers at low pH as compared to plasma level in higher gastric pH volunteers [51]. The
gastric pH is considerably different across species. For instance, mean gastric pH in mice is 3.1–4.5 and
in rats ranges from 3.2 to 3.9, whereas in the humans it is 1.5–3.5. In addition to gastric pH, intestinal
pH is also different in rodents as compared to humans. Mice and rats have a mean intestinal pH of 5.2
and 6.6, respectively, as compared to 7.2 in humans [52]. These studies show that gastric and intestinal
pH could potentially affect bioactivity of dietary components and should be considered as one of the
important factors in selecting a study model.

In rodents and humans, several disease symptoms can be confounding due to the differences
in their anatomy and physiology. For example, in the non-typhoidal salmonellosis, vomiting and
diarrhea are the main symptoms in humans. However, anatomically mice cannot vomit and due to
this reason, the assessment of diarrhea could be very difficult in mice. In these cases, it becomes harder
to translate the finding into clinical applications. Hence, these limitations of rodent models should
be taken into consideration while interpreting the results from the dietary intervention studies for
Salmonella infections in the rodent models for application in human clinical trials.

2.3. Summary of Effect of Dietary Components on Salmonella Infection in Pig Models

Pigs have been used in several studies involving dietary interventions [53]. Pigs have many
more similarities to the human gastrointestinal tract as compared to rodents. Humans and pigs are
similar in the body composition, cardiovascular, renal, nutritional, immunological, metabolic, and
gastrointestinal aspects [53]. As such, several studies have been conducted in pig models of Salmonella
infection interactions with dietary interventions. Michiels et al. demonstrated that supplementation
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of a mixture of formic, sorbic, and benzoic acid to the piglets for 35 days, significantly reduced the
Salmonella fecal shedding as compared to the control group after oral challenge [54]. Dietary organic
acids increase fecal cytotoxicity to Salmonella, but the effect can be dependent upon the environmental
temperature. Rajtak et al. exhibited that supplementation of a pig diet with organic acid (Potassium-
diformate) reduced the survival of Salmonella in pig feces when incubated at 22 ◦C but not at 4 ◦C [55].
Boyen et al. fed the supplemented diet with the coated butyric acid (2 g/kg of diet) to the pigs for 12 days
and orally challenged the animals with Salmonella [56]. Fecal shedding of Salmonella was decreased
in the coated butyric acids fed animals as compared to the un-coated group. It was hypothesized
that coating prevents the degradation of fatty acids in the intestinal tract [56]. Dietary supplements
also reduced inflammation after Salmonella infection in pigs. Chen et al. supplemented the pig diet
with arginine (0.5%) for 1 week and infected the pigs intramuscularly with Salmonella [57]. Effects of
various essential oils have been similarly reviewed by Omonijo et al. as effective antimicrobials in
Swine production [58].

Fecal Salmonella shedding is one of the distinctive biomarkers of Salmonella infection in pig models.
However, Salmonella colonization patterns are different in pigs as compared to humans. For instance,
Salmonella Typhimurium has been observed to colonize in tonsils and respiratory tissues of infected
pigs [59], whereas in humans, it does not colonize at those sites. The pig stomach is 2–3 times larger
compared to humans [52], this anatomical difference may have impacts on Salmonella survival and
digestibility of dietary components. Pig cecum is also several folds larger than the human cecum and
may have implications in the Salmonella colonization [52]. In humans, stomach pH before eating is
around 5, however, in pigs it is below 2. Consequently, pigs release a much greater extent of bile in the
duodenum as compared to humans. Due to antimicrobial activities, bile could impact colonization of
Salmonella in the proximal small intestine. Additionally, it can modulate digestion and absorption of the
dietary components. Besides these differences, pigs are different in gastrointestinal thickness of mucus,
and gastrointestinal motility and transit, as compared to humans. The distal small intestine of pigs
contains a larger number of microbes as compared to humans and can degrade some carbohydrates
with low digestibility compared to humans [60]. Hence, similar dietary interventions in pigs and
humans may exhibit different potential. The pig immune system also differs from humans, however,
implications of this difference have not been studied in regard to enteric infections. For instance, the
gut of neonate piglets completely lacks leukocytes whereas human infants have a few leukocytes at
birth [61]. Pig intestine contains a larger number of Peyer’s patches as compared to humans throughout
the intestine [61].

2.4. Summary of Effect of Dietary Components on Salmonella Infection in Calf Models

Although there are appreciable differences between monogasters and ruminants, calves develop
very similar clinical and pathological features such as diarrhea and enteritis to human, hence, calves
are considered one of most reliable models to mimic the human non-typhoidal salmonellosis [36].
These similarities have been also discussed by Higginson et al. [62].

After Salmonella infection, the calves show similar clinical symptoms as humans such as fever,
diarrhea, anorexia and dehydration and the intestinal pathological changes [63]. Hill et al. revealed
that feeding of a commercially available blend of butyric acid, coconut oil, and flax oil to the male
Holstein calves for 28 days altered the inflammatory response to intraperitoneal Salmonella toxoid as
compared to the control group [64]. The dietary blend reduced hyperthermia, hypophagia, and serum
TNF-α but increased the IL-4 as compared to the control group [64].

Despite above-mentioned similarities, calves also exhibit significant anatomical and physiological
differences in the digestive system relative to humans. A ruminant’s stomach is four chambered and
contains a large number of microflora that digests fibers, especially cellulose which remain undigested
in humans. Sugars are fermented in ruminant stomach and as a result several volatile fatty acids are
produced [65]. Most of the carbohydrates are converted into volatile fatty acids and a very small
proportion of carbohydrates are absorbed as glucose. Additionally, the ruminant microflora differs
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from the human gut microflora to a great extent [66]. Hence, the same dietary components may
produce different metabolites and physiological effects as compared to humans. Logistically, calves
need a large amount of food and it is very expensive to conduct the dietary experimental studies in
this model.

2.5. Summary of Dietary Interventions for Salmonella Infection in Humans

A variety of Salmonella serovars infect humans. Epidemiological studies have shown that typhoidal
and non-typhoidal salmonellosis are the predominant types of infections [67]. Salmonellosis is clinically
prognosed by headache, diarrhea, constipation, abdominal pain, chills, loss of appetite, and fever with
an incubation time varying from hours to several days [68,69]. Typhoidal salmonellosis is less prevalent
in the United States as compared to other developing countries [67]. In contrast, non-typhoidal
salmonellosis presents a major and persisting public health challenge in North America. From 1998 to
2017, over 2600 single or multi-state non-typhoidal Salmonella outbreaks have occurred in the United
States associated with animal and plant based foods [70]. Symptoms could be self-limiting, lasting
for 1 week without treatment but could also lead to serious complications if left untreated, especially
in immunocompromised subjects and those in at-risk populations [69]. Antimicrobial therapy is the
first choice of treatment in persistent human salmonellosis. However, as discussed in the introduction
section, the problem of drug resistance has become more prevalent due to extensive therapeutic use
of antibiotics in healthcare facilities and subtherapeutic doses during animal food production [71].
Hence, dietary prophylactic interventions could be further utilized for prevention and alleviating
symptoms of Salmonella infections. A few dietary prophylactic studies have been conducted in children
for prevention of Salmonella infections. Stool frequency, vomiting, and Salmonella fecal shedding
are the parameters measured in these clinical trials. Several other disease conditions also affect the
incidence of Salmonella infections. Di Cagno et al. revealed that administration of gluten free diets in
children with celiac disease did not reduce Salmonella shedding from stool as compared to healthy
children [72]. Other dietary interventions are effective in reducing Salmonella infection. Lara et al.
showed that feeding of dairy products containing probiotic mixtures of various strains of Lactobacillus
to healthy children for 6 weeks decreased Salmonella serovars adhesion to the intestinal mucin [73].
Dietary interventions can also reduce frequency of stool and vomiting in Salmonella infected children.
Rabbani et al. revealed that feeding of cooked banana for 1 week in children having persistent diarrhea,
reduced frequency of the stool and vomiting as compared to children fed only with rice diet [74]. In
another clinical trial in children, fermented food (lactic-acid fermented cereal gruel) was fed to healthy
children three times a day for 2 weeks. After 2 weeks of feeding, stool swabs were taken from the
treated and non-treated groups and analyzed for the presence of enteropathogenic bacteria including
Salmonella. The fermented food reduced the presence of enteropathogenic bacteria as compared to the
control diet [75]. These studies show that dietary interventions can be effective in the management of
diarrheal diseases. However, there are several constraints in conducting dietary studies in Salmonella
infections in humans that are prophylactic in nature. In addition to clinical equipoise, the major
issues in conducting human clinical trials are time, cost, availability of appropriate stool and serum
biomarkers and overall patient compliance and ethics. In presence of these curtailments, a dietary
intervention could be pre-clinically evaluated in a relevant animal model to predict the safety and
efficacy of the compound prior to administration in clinical trials [76].

It is noteworthy that bioactive compounds and probiotic diet might have a positive effect on
colonization of Salmonella serovars in gastrointestinal area. As an example, a probiotic diet containing
Enterococcus spp. could lead to increased fecal excreting and colonization of Salmonella in organs of
piglets [77]. The current study is limited to discussing the literature that demonstrates antagonistic
efficacy against colonization of Salmonella serovars, rather than those enhancing proliferation of the
pathogen. Table 1 summarizes the pros and cons of Salmonella models discussed in the current study.
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Table 1. Strengths and weaknesses of Salmonella models discussed in the current study.

Infection Model Strength Weaknesses

Salmonella Culture
(Non-Host)

Direct interaction with the pathogen
without confounders

Does not represent the interaction of
dietary components with the host

Co-culture of Salmonella
with host cell

Increased complexity of interaction
compared to only pathogen culture,

represents effects of intervention on the
pathogen as well as the host

Does not represent involvement of all
the host cell types that simultaneously

happen together in human

Rodent Models

Represent a complex living system, very
economical and convenient, ease in

genetic manipulation to know
mechanistic pathways

No diarrhea and vomiting, different
intestinal immunity, different gastric

environment, and anatomical structures

Pig Models

Similar to humans in body composition,
cardiovascular, renal, nutritional,
immunological, metabolic, and

gastrointestinal aspects

Different than humans in Salmonella
colonization pattern, gastric acidity, bile

quantities, mucus thickness, immune
system, not economical, not convenient

Calf Models
Develop similar clinical and

pathological features such as diarrhea
and enteritis

Stomach structure is different, not
economical

Clinical Trials The ideal model
Difficult to study the preventive effects

of interventions due to ethical
considerations

3. Potential Mechanisms of Protection against Salmonella Infections

3.1. Alteration in Bile Quality and Quantity

Bile is an important digestive fluid synthesized by the liver of many vertebrates. Bile plays a role
in digestion of fats in small intestine by emulsification, micelle formation. As a result, absorption of
fat-soluble vitamins such as vitamin A, D, E, and K is also increased in the presence of bile. Bile is stored
in the gall bladder and released into the duodenum after receiving stimuli in the form of semi-digested
fats and proteins from stomach. After digestion of fats, the majority of the bile is reabsorbed in terminal
ileum. Cholycystokinin and secritin hormones in the gut control this process. Bile is alkaline and
composed of phospholipids, bile acids, and surfactants. In the duodenum alkaline pH neutralizes
stomach acid [78].

In addition to digestive role of bile, it exhibits an antimicrobial role against gastrointestinal
pathogens [79]. Both bile quality and bile quantity may determine the multiplication of enteric
pathogen [80]. Bile salts have been shown to act as antimicrobials especially on Salmonella and other
enteric infections [81,82]. Different dietary fibers have been shown to affect bile composition to different
extent and to improve colonization resistance against enteric pathogens [83]. Inagaki et al. showed
that bile acids induces genes involved in enteroprotection by inhibiting pathogenic overgrowth and
mucosal injury in the ileum in a mouse model of infection [84]. Diet consists of several compounds
of plant and animal origin and hence considered as a multi-targeting intervention for prevention of
enteric infection. Xu et al. [85] showed that consumption of dietary medium chain fatty acids increased
fecal bile acids (cholic acid) significantly as compared to control group in C57BL/6J Mice. Kollanoor et
al. demonstrated that feeding of Caprylic acid (a medium chain fatty acid) to poultry significantly
reduced Salmonella infection in the intestine as well in organs therapeutically [83]. Further, in vitro
study in hepatocytes showed that addition of medium chain fatty acids in culture media enhances cell
surface expression and transport capacity of bile salt export pump (BSEP/ABCB11) [86]. Costarelli et
al. compared diets containing different fatty acids in healthy premenopausal women and found that
dietary linoleate increased postparandial plasma bile acid and cholycytokinin as compared to low fat
diet [87]. Dietary fish oil increased fecal bile acids in a rodent model without increased gene expression
for bile synthesis in the liver [88]. This study suggests although not all fatty acids increase bile acid
synthesis in the liver, some could reduce bile absorption in the ileum. Studies have further exhibited
that the change in bile acid release alters pH of the intestine and affects Salmonella adherence and
survival. Several Salmonella genes are affected in the presence or absence of bile. Both bile quality and
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quantity have been shown repress Salmonella virulence in gut environment in in vivo models [89–91].
Antunes et al. [92] showed that Salmonella could multiply in the gall bladder of susceptible mice
and causes typhoid. Bile acids exert antimicrobial actions on pathogens by virtue of their detergent
properties. Cholic and deoxycholic acids in bile can damage bacterial DNA [79].

Dietary factors such as fiber may bind to bile acids and reduce reabsorption in colon [93]. Oat
bran, pectin, and guar gum have been shown to increase bile acids in fecal matter [94–96]. Reduction
in reabsorption of bile acids in the large intestine modulates the gut hormone feedback system and
stimulates the liver to synthesize more bile acids [78]. This process could reduce alkalinity of the small
intestine, and may increase gut motility, making the gut environment unfit for Salmonella infection [97].

3.2. Gut Mucosa

In order to reach epithelium, Salmonella needs to cross luminal barriers. Intestinal mucous is the
first line of defense to Salmonella in the small intestine of rodents and humans [98]. Mucus in the small
intestine is single layered and loosely attached to epithelium as compared to double-layered mucus of
colon. Mucous is made up of secretory proteins called mucins and the predominant mucin in small
intestine is Muc2 [99]. Abnormalities in mucous layers, underproduction of Muc2 by goblet cells
and mutated Muc2 results in elevated risk for bacterial infection [100]. A study shows that during
Salmonella infection, the mucin layer is disrupted and Salmonella obtain access to epithelium [101].

Various components of diet have been shown to upregulate expression of Muc2 in intestinal cells.
Willemsen et al. showed that treatment of intestinal epithelial and fibroblast co-culture with short
chain fatty acids significantly increased expression of Muc2 [102]. Ingestion of dietary fibers (soluble
and insoluble) has been shown to increases proliferation of goblet cells and sialylated mucin in the
small intestine of rats [103]. In another study, feeding of inulin/fructans in a rodent trial significantly
increases mucous layer thickness in the colon and increases the number of goblet cells in crypts of
distal jejunum as compared to control diet [104]. Morita et al. similarly exhibited that intake of dietary
resistant starch in rodents reduces endotoxin influx from intestinal tissue and hypothesized that it
could be partially due to alterations in mucosal barrier functions [105].

3.3. Antimicrobial Activities

After crossing the mucin layer in the gut, enteric pathogens need to penetrate epithelial layer
in order to infect the organism. Human gut epithelia consist of a monolayer of epithelial cells. It
separates the gut lumen from the lamina propria. Intestinal epithelial cellular junctions affect intestinal
permeability as well as transcytosis capacity of individual cells. Strong cellular junctions are necessary
to avoid the invasion of pathogens through epithelium. Salmonella can breach the epithelial barrier by
employing para-cellular and trans-cellular mechanisms, including actin cytoskeleton of the epithelial
cells and the secretion of the effector molecules [30].

Dietary components have been discussed in the past as factors to modulate the epithelial
barrier [106]. Diet can have both positive and negative impacts on epithelial integrity. Liu et al. showed
that when a high grain diet was fed to male goats, it resulted in the disruption of the ruminal epithelium
as measured by the presence of systemic lipopolysacharide (LPS) [107]. However, diet can also impact
epithelial integrity positively. In a study by Nofrarias et al., pigs were fed resistant starch for 97 days
and consequently increased hypertrophy, reduced apoptosis in the crypts, lymphoid nodules in the
colon, and increased mucin sulfuration were observed. These changes promoted epithelial protection
compared to the control dietary group containing digestible starch [108]. Dietary components can also
modulate the epithelial proteins such as occludins that secure junctions between the adjacent cells in
the gut epithelium. Enteric pathogenic bacteria secrete LPS that causes inflammation and escalates loss
of protein occludin that decreases the barrier function of epithelium. Park et al. showed in a rodent
trial that dietary administration of gangliosides (a lipid) prevents LPS induced degradation of the
occludin and reduces the total nitric oxide in the gut mucosa [109]. An in vitro study with Caco-2
cells demonstrated that addition of quercetin (a flavonoid) induces expression of zonula occludens-2,
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occludin, and claudin-1 and claudin-4 as compared to the control group [110]. All of these proteins
play an important part in maintaining epithelial integrity. Salmonella entry into epithelial cells can
result in epithelial necrosis and apoptosis. Int-407 cell line (human intestinal cell line) showed a
significantly lesser extent of necrosis and apoptosis during Salmonella infection when treated with
sterols and fatty acids found in the root extract of Hemidusmus indicus as compared to an untreated
cell line [111]. Hence, protection of the epithelium can be considered an important target of dietary
interventions in Salmonella infections.

3.4. Gut Microbiome

The gut contains more than a trillion symbiotic bacteria that play a major role in developing
immunity as well as resistance against enteric infections. Initially it was hypothesized that the genetic
factors were responsible for susceptible and resistant mouse strains against the enteric infections.
However, currently literature delineates that the genetic factors are only one of the determinants of
composition and structure of the gut microflora. As an example, Willing et al. successfully transferred
the microbiota from resistant to susceptible mice and observed a delayed colonization of Citrobacter
rodentium and mortality in susceptible strain [112]. In the same study, native gut microbiota of resistant
mice was depleted by oral streptomycin (20 mg) 24 h prior to transplantation and replaced by the
microbiota from susceptible mice. As a result, the oral antibiotic treatment reduced the innate defenses
and a severe infection pathology was observed as compared to mice in control group. This experiment
demonstrates that gut microbiota plays an important role in fighting the infection [112]. Similarly,
mice were given a combination of antibiotics (Streptomycin, Vancomycin, Ampicillin, Neomycin, and
Metronidazole) for 1 week in drinking water and later orally challenged with Salmonella Typhimurium
14028. The mice on the antibiotics showed a significantly higher number of Salmonella DNA in the
cecum and large intestine as compared to control mice group [113]. The gut microbiota may affect
enteric infections by modulating the intestinal immunity or by the direct competition. Symbiotic
gut microbiota competes with pathogens for the nutrients such as iron and carbon sources [114].
Stelter et al. showed that Salmonella-induced mucosal lactins kills symbiotic gut microflora and then
Salmonella takes advantage of this process for survival in gastrointestinal tract [115]. Salmonella induces
acute inflammation in mice and neutrophils are recruited at the site of infection. Gill et al. showed
that neutrophil elastases can shift mice gut microbiota and increase Salmonella colonization, while
neutralization of neutrophil elastases decrease colonization of Salmonella [116]. These studies show
that gut microbiota play an important role in protection from Salmonella infections and modulation of
gut microflora for prevention of enteric infections warrants further studies.

Given the role of gut microbiota in protection against Salmonella, several studies have been
conducted to test effects of dairy and native gut probiotics on Salmonella colonization. Probiotics are
the microorganisms that induce health benefits when consumed in effective doses. Lactobacillus and
Streptococcus are two widely studied categories of probiotics and their effectiveness against Salmonella
is articulated by Castillo et al. [117]. Lactobacillus rhamnosus has been shown to reduce Salmonella
adhesion to epithelial cells in in vitro model of Salmonella infection [118]. Probiotics not only compete
with Salmonella for nutrients but also enhance protective immunity against the pathogen. Castillo
et al. showed that oral administration of Lactobacillus in mice changes cytokine production and Toll
Like Receptor (TLR) expression that is protective for mice against Salmonella infection [119]. Moreover,
probiotics such as Bifidobacterium can directly affect virulence of Salmonella by releasing the molecules
that down-regulate the expression of pathogenicity islands 1 and 2 [120]. Hence, Lactobacillus and
Bifidobacterium have emerged as potential contributors for protection against enteric infections such as
Salmonella serovars.

Diet is a major factor in the establishment of gut microbiome. As an example, previous studies
exhibit that a change of diet from low-fat, high plant-based polysaccharide to the high-fat, and
high simple sugar diet, could change structure of the gut microbiota very rapidly [121]. A shift of
low-fat diet to the Western diet also changes metabolic pathways and modulates gene expression
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in gut microbiome [122]. Humanized mice (mice transplanted with human gut microflora) when
fed a Western-type diet, showed an increased adiposity and this trait was transmissible through the
transplantation of the gut microbiota in other mice [122]. Diet could also modulate gut microbiota
directly by providing prebiotics—many studies have exhibited the efficacy of the prebiotics such as
dietary fiber, fatty acids, and polyphenols for a shift in gut microflora [123,124].

3.5. Gut Immunity

The immune system of the gastrointestinal tract is the largest segment of the mammalian immune
system. The gut encounters massive amounts of pathogens and dietary antigens that need to be
neutralized. These functions emphasize the importance of gut immune system. The mucosal immune
system is equipped with innate and adaptive immune defense mechanisms. Innate immunity provides
the first line of defense against pathogens. The major players of the innate immune defense are
macrophages, monocytes, neutrophils, epithelial cells, natural killer (NK) cells, and dendritic cells
(DCs) [125]. Dendritic cells, macrophages, and epithelial cells are also termed as antigen presenting
cells (APCs) because of their capacity of processing and presenting foreign antigens to other cells.
APCs have a series of receptors called Pattern Recognition Receptors (PRRs) on their surfaces such as
TLRs and Nod Like Receptors (NODs) to recognize the pathogens [126]. These receptors recognize
motifs on pathogens known as the Pathogen Associated Molecular Patterns (PAMPs) [127]. The innate
immune cells release inflammatory cytokines and mediators after sensing the PAMPs [128]. However,
if innate immunity fails to resolve the inflammation and eliminate pathogen, adaptive immunity enters
this process. In the gut adaptive immune system, the predominant response is antibody mediated
and is represented by the Immunoglobulin A (IgA) [129]. The IgA is chiefly produced by the B cells
in the intestinal mucosa triggered by anti-inflammatory cytokines such as TGF-β and IL-10 [130].
Hence, both innate and adaptive immune responses are required in the protection against infection
and depends upon type of pathogen.

The role of the gut immune system in protection from enteric infections has been studied
intensely [131–133]. Primary Salmonella infection increases interferon gamma (IFN-γ), tumor necrosis
factor alpha (TNF-α), and interleukin 12 (IL-12) in circulation and in local tissues [133–135]. Major
sources of IFN-γ and TNF-α are neutrophils and macrophages [136]. IL-12 is a cytokine induced in
response to several bacteria and mediates onset of the Th1 protective response. Natural killer T (NKT)
cells produce IFN-γ in response to IL-12 [137]. Infected macrophages also interact with NK cells in
order to produce IFN-γ in humans [138]. Even though initial innate immune response restricts infection
to a certain extent, it fails to inhibit multiplication of pathogens in deeper tissues. Hence, immune
response is switched to adaptive response after some time and is achieved mainly by induction of
CD4+ T cells, CD8+ T cells, and B cells [139]. In experimental models, depletion of CD4+ T cells
had a more pronounced effect on protection from Salmonella as compared to CD8+ T cells. However,
underlying mechanisms are not clear. The second major adaptive response to Salmonella is induction
of the B cells to produce antibodies such as IgA. The antibodies bind Salmonella and prevent entry
into deeper tissues. Administration of B cell hybridoma producing Salmonella specific IgA has been
shown to prevent oral Salmonella infection in the mice [140]. These studies exhibited the potentially
appreciable role of bioactive compounds for augmenting host immunity against Salmonella infections.

Dietary components such as dietary fiber and prebiotics manipulate both the innate and adaptive
immunity [141]. Galdeano et al. demonstrated that feeding of probiotic fermented milk to the
rats increases the number of macrophages and DCs with an increase in IFN-γ, TNF-α, and IL-12
after 5 days of nutrition [142]. Nutrients such as glutamine, arginine, vitamin A, and zinc have
protective impacts against enteric infections [143]. Macrophages play an important role in clearance of
Salmonella in primary infections. Modified arabinoxylan rice bran improves the phagocytic function
of macrophages in the in vitro models of RAW264.7 cells [144]. Treatment of macrophages with the
modified arabinoxylan rice bran increased the attachment and phagocytosis of yeast cells with an
increase in TNF-α and IL-6 [144]. Wang et al. showed an enhanced Salmonella specific immune response
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in the orally vaccinated mice with attenuated Salmonella and fed with white button mushroom powder
as compared to the only vaccinated mice [145]. The white button mushroom fed mice had higher
number of Salmonella specific fecal IgA, IFN-γ, and TNF-α in splenocytes. These mice also showed
an increased number of DCs and activation marker CD40 in splenocytes as compared to the control
mice [145]. These studies show that dietary interventions could modulate pro-inflammatory responses
and manipulate the innate and adaptive immunity [141].

4. Conclusions

Various dietary components could have considerable efficacy on prevention of Salmonella serovars
infections. These effects may involve various mechanisms through impacting the gastrointestinal
microbiota, immune system, and epithelium. The efficacy of various bioactive compounds for inhibiting
the proliferation of Salmonella serovars in various in vitro, in vivo, animal models, and randomized
studies reviewed creates the opportunity of mitigating the burden of Salmonellosis through dietary
intervention. Despite striking similarities, animal models have major differences with human anatomy,
as such delineated differences should be considered diligently for interpretation of these studies.
Clinical equipoise, cost, time, and other ethical issues are also major curtailments for further conduct
of randomized clinical trials with human subjects. The vast majority of the discussed literature
demonstrate efficacy and mechanism of action of a sole bioactive compound. Pre-clinical studies
investigating synergism and/or antagonistic activities of an array of bioactive compounds, additional
randomized clinical trials, and well-planned epidemiological studies with comprehensive plans for
control of confounders could augment the development of a validated and evidence-based guideline
for mitigating the public health burden of human Salmonellosis through dietary compounds.
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Abstract: Food safety is of obvious importance, but there are frequent problems caused by foodborne
pathogens that threaten the safety and health of human beings worldwide. Although the most classic
method for detecting bacteria is the plate counting method, it takes almost three to seven days to get
the bacterial results for the detection. Additionally, there are many existing technologies for accurate
determination of pathogens, such as polymerase chain reaction (PCR), enzyme linked immunosorbent
assay (ELISA), or loop-mediated isothermal amplification (LAMP), but they are not suitable for
timely and rapid on-site detection due to time-consuming pretreatment, complex operations and false
positive results. Therefore, an urgent goal remains to determine how to quickly and effectively prevent
and control the occurrence of foodborne diseases that are harmful to humans. As an alternative,
microfluidic devices with miniaturization, portability and low cost have been introduced for pathogen
detection. In particular, the use of microfluidic technologies is a promising direction of research for
this purpose. Herein, this article systematically reviews the use of microfluidic technology for the
rapid and sensitive detection of foodborne pathogens. First, microfluidic technology is introduced,
including the basic concepts, background, and the pros and cons of different starting materials
for specific applications. Next, the applications and problems of microfluidics for the detection
of pathogens are discussed. The current status and different applications of microfluidic-based
technologies to distinguish and identify foodborne pathogens are described in detail. Finally, future
trends of microfluidics in food safety are discussed to provide the necessary foundation for future
research efforts.

Keywords: foodborne pathogens; microfluidic chip; rapid detection; food safety; biosensors

1. Introduction

With the rapid development of the economy and the continuous improvement of living conditions,
people today are paying more and more attention to health issues. At the same time, whether food is
safe or not is also closely related to people’s health, therefore, it is also very important to ensure the
safety of food. Unfortunately, people sometimes unconsciously eat some foods that are harmful to
the body in their daily lives, for example, food contaminated by pathogens [1,2]. If people eat food
containing foodborne pathogens such as Staphylococcus aureus, Salmonella, and Escherichia coli O157:H7,
they may suffer vomiting or even death, triggering consumer panic [3]. According to the statistics of
Parisi et al. a quarter of the world’s people are at higher risk of foodborne illnesses due to the current
inefficient detection technology of bacteria, the imperfect food supervision system and high-speed
economic development [4]. Overall, new strategies should be applied to improve food safety.

Foodborne illnesses are caused by pathogens or their toxins when they are contained in food or
water. Pathogens causing foodborne illnesses include bacteria, viruses, fungi, and parasites [5]. For
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example, people infected by pathogenic Escherichia coli (E. coli) often experience severe diarrhea, and
there are nearly 1.7 billion cases of diarrhoea every year in the world. More seriously, approximately
760,000 children under the age of five die each year from diarrhoeal diseases [6–8]. Most diseases are
attributed to the common foodborne pathogens that include Listeria monocytogenes, E. coli O157:H7,
Staphylococcus aureus, Salmonella enterica, Bacillus cereus, Campylobacter jejunum, and Clostridium
perfringens [9]. Therefore, the effective detection of these pathogens is important.

At present, there are many methods to identify and detect pathogens, such as direct
smear microscopy, nucleic acid hybridization, gene chip, polymerase chain reaction (PCR), gas
chromatography and high performance liquid chromatography [10]. However, the most classic method
is the plate cultivation method. However, this method requires three to seven days for bacterial culture,
making it inappropriate for the rapid on-site detection of pathogens [11]. Additionally, PCR is also
sometimes prone to false positive results due to DNA contamination [12,13]. Thus, to assess food
safety, it is necessary to develop a rapid and simple method with high sensitivity, good reproducibility,
and good on-site interpretation ability [14].

For this reason, microfluidics with the advantages of portability, miniaturization and automation
have been widely introduced to detect different substances in the fields of chemistry, biomedicine, optics
and information science, such as dyes, bacteria or heavy metals [15,16]. Microfluidics are typically
made of silicon, glass, quartz or thermoplastic materials. Then, micro-processing techniques are
used to integrate micro-valves, micro-pumps, micro-mixers, micro-electrodes onto a micro/nanoscale
chip to form a network-like system that can achieve pretreatment, mixing, reaction, separation or
detection of the sample, which is not possible in traditional laboratories [17]. Microfluidics have
several different types of basic mixer structures, as shown in Figure 1. For example, a microfluidic
fluorescence quantitative PCR system with pneumatic valve and a tree structure was developed by
using 3D printing technology. Due to its good temperature uniformity and thermal conductivity
of PCR-based microfluidics, the rapid detection of hepatitis B virus nucleic acid in blood samples
was realized in 50 min [18]. At present, the miniaturization, integration and automation of these
devices combined with multiple processes have made microfluidic chips popular options for use in a
wide range of fields, and the following are the applications and research status of microfluidics for
bacterial detection.

Figure 1. The structure of common microfluidic chip channel and variable styles of passive mixers. (A)
Lamination; (B) Zigzag channels; (C) Serpentine.

In general, traditional microbial culture techniques require the use of tubes, culture dishes,
multiwall plates and flasks, which makes the detection of bacteria more complicated. However,
Wang et al. only combined a nano-dielectrophoretic enrichment-based microfluidic platform with
surfaced-enhanced Raman scattering (SERS) to successfully and automatically monitor Escherichia coli
O157:H7 in drinking water (the detection limited to single cell level) [19]. Wan et al. also developed a
digital microfluidic system based on loop-mediated isothermal amplification (LAMP) for the detection
of pathogen nucleic acids. In this experiment, only 1 μL of LAMP reaction sample that belong to
purified Trypanosoma cruzi DNA was required, which reduced a 10-fold of reagent consumption
compared to conventional LAMP. If the sample of LAMP is unknown, it also can be finished in 40
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min with a detection limit of 10 copies/reverse. Moreover, the system can be thermally adjusted in
real time, which is possible for the miniaturized, portable and on-site application in detecting bacteria
in the future [20]. However, in order to reduce the costs and improve the portability of detection,
high-performance materials such as paper-based microfluidic chips have been applied. Jokerst et
al. designed a paper-based assay device for detecting E. coli O157:H7, Salmonella typhimurium and
Listeria monocytogenes. The paper that was used for the preparation of the microfluidic system was
wax printing on filter paper, which was achieved by measuring the color change of the response of the
enzyme associated with the pathogen of interest to the chromogenic substrate. When combined with
an enrichment procedure, the method allowed for an enrichment time of 12 h or less and was able to
detect the bacteria in meat at a detection limit of 10 colony-forming units/cm2 [21].

As described above, microfluidic devices are simple, automated, and portable miniaturized
systems that can perform functions more efficiently and conveniently than the common techniques
such as PCR and LAMP [22,23]. Although there are some reviews on the application of microfluidic
chip technology in food safety, their overall systematisms and integrity are not enough. This review
not only describes the latest developments in integrated-microfluidic systems for detecting foodborne
pathogens, but also discusses the most promising strategies to address current challenges for the faster
and more accurate detection of foodborne pathogens by microfluidic chips.

2. Microfluidic Chips

Microfluidic chips refer to the science and technology of systems that process or use very small
volumes of liquids in channels with the dimensions of tens to hundreds of micrometres [24,25].
Microfluidics also are described as lab-on-a-chip (LOC) or miniaturized total analysis systems (μ-TAS),
which integrate the sample preparation, reaction, separation, detection, and other basic operating units
onto a centimeter-scale chip with a network of microchannels [26]. Microfluidics is an interdisciplinary
field, including aspects of physics, chemistry, engineering, and biotechnology [24,27]. Due to
the characteristics of electro-hydrodynamics with small size parameters and short detection times,
electrodynamics, and thermal capillary phenomena, microfluidic devices have been developed to
address specific scientific problems that are not able to be easily solved by traditional techniques [28,29].

Manz et al. first proposed the concept of a micro total analysis system (μ-TAS) [30]. In 1992,
micro-electro-mechanical machining technology was used to etch micro-pipes on flat glass to prepare a
chip capillary electrophoresis device, and the device realized the separation of fluorescently labeled
amino acids and pioneered microfluidic chip technology [31]. In 1995, Woolley and Mathies successfully
performed DNA sequencing using their own electrophoresis chip system, reading 150 bases in 540s with
an accuracy rate of 97% [32]. Subsequently, Woolley et al. integrated PCR and capillary electrophoresis
on a microfluidic chip, facilitating genetic analysis [33]. In 1998, Brahmasandra et al. (1998) used
photolithography technology to fabricate a microfluidic chip that included a liquid sampler, a mixer, a
positioning system, a temperature-controlled reaction chamber, an electrophoresis separation system,
and a fluorescence detector system for DNA analysis [34]. In 2000, Anderson et al. developed a highly
integrated chip that can be used to process a series of complex processes for multiple samples, and this
device was applied for extracting concentrated nucleic acids from a liquid sample for microcrystalline
chemical amplification, enzymatic reaction, hybridization, mixing, and measurement, allowing more
than 60 consecutive operations of a dozen reactants [35].

Microfluidic devices are mainly operated by manipulating fluids in microfabricated channel and
chamber structures. Additionally, microfluidics can be combined with diverse detection techniques
including PCR, LAMP, mass spectroscopy, or fluorescence spectroscopy, for on-chip or after-chip
detection of analytes [36–39]. Microfluidic chips are made of silicon, glass, quartz, organic polymer,
and composite materials by micromachining technology. Figure 2 shows the preparation process of
polydimethylsiloxane (PDMS) microfluidics. Recently, paper-based microfluidic chips with low cost,
portability and easy operation have been developed in the food industry [40]. The selection of a certain
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material for a device is important for its functions. The different materials exploited for the fabrication
of microfluidic chips and the advantages and disadvantages of these materials are listed in Table 1.

Figure 2. The preparation process of a polydimethylsiloxane (PDMS) microfluidic chip by the
molding method.

Table 1. The application of a microfluidic system made of different materials.

Material
Type

Classification Representative
Methods of
Preparation

Advantages Disadvantages Application References

organic
material

——- glass/quartz photolithography and
etching techniques

cheap and easy
to obtain,
reusable, good
light
transmission
and
electroosmosis,
good electrical
insulation and
corrosion
resistance

complex
manufacturing
process,
time-consuming
and high cost,
fragile

gas
chromatography
and capillary
electrophoresis
(CE) and
electrochemical
detection,
organic
synthesis and
droplet
formation, PCR

[41,42]

silicon material silicon/silicon dioxide etching techniques

mature process,
good thermal
stability and
inertness.

high cost of
materials,
opaque, brittle,
poor electrical
insulation, and
low adhesion
coefficient

organic
synthesis and
droplet
formation, PCR
and CE

[43,44]

elastomers polydimethylsiloxane
(PDMS)

molding and soft
lithography

Low cost and
easy to use,
non-toxic and
transparent,
excellent
chemical
inertness and
light
transmission

Incompatibility
of organic
solvents and
poor pressure
resistance, low
thermal
conductivity
and immature
processing
technology

protein
crystallization
and bioculture,
PCR

[45,46]

Polymer
materials

thermosets SU-8 photoresist and
polyimide

photopolymerization
and casting

High resistance
of temperature
and most
solvents,
transparent and
reusable

high cost of
materials

CE, organic
synthesis and
droplet
formation, PCR

[47,48]

thermoplastics

poly (methyl
methacrylate (PMMA)
polystyrene (PS) and
polycarbonate (PC)

hot embossing and
laser ablation

good electrical
insulation and
light
transmission,
low cost and
easy to use,
simple
preparation and
high precision

Non-breathable,
high-cost
preparation
equipment and
rough process

CE and PCR,
droplet
formation

[49,50]

perfluoropolymers
perfluoroalkoxy (PFA)
and fluorinated
ethylene propylene

photolithography

Good inertness
and antifouling
properties,
transparent and
soft

poor adhesion
environmental
monitoring and
food analysis

[51]
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Table 1. Cont.

Material
Type

Classification Representative
Methods of
Preparation

Advantages Disadvantages Application References

Special
materials

hydrogels polyvinyl alcohol
(PVA)

photopolymerization,
casting

high
permeability
and controllable
aperture,
allowing small
molecules or
even biological
particles to
diffuse, and
biocompatible

difficult to store 3D bioculture [52]

ceramics polysiloxane soft lithography and
laser ablation

high resistance
of temperature
and pressure

poor light
transmission,
fragile

suitable for
applications
under harsh
conditions

[53]

paper analysis filter paper photolithography and
printing

high
permeability
and low cost,
portable and
easy to use

easy to damage
and disposable bioculture [54]

Compared to traditional methods such as PCR, enzyme-linked immunosorbent or DNA probes,
microfluidic devices allow for a flexible combination of multiple operating units and overall
controllability, so some steps such as sample pretreatment, mixing or reaction can be integrated
into a single chip. Additionally, because the channel structure in the chip is micron-scale or even
nanoscale, it has a high specific surface area, a high diffusion coefficient, and fast heat transfer, effectively
accelerating the reaction in the channels and greatly shortening the overall analysis time [55,56]. For
example, Zhang et al. developed a novel microfluidic liquid phase nucleic acid purification chip that
can selectively separate DNA or RNA from 5000 μL to single cell bacterial cells. The sample volume is
only 1 μL or 125 nL, which can be directly quantified by a chip in approximately 30 min. Thus, these
small devices also require much lower amounts of reagents and samples, which greatly reduces the cost
of detection and enables fast and low-cost detection [57]. Nevertheless, everything in the world has
two sides. Without exception, microfluidic technology has its own disadvantages. For example, there
is no skillful and mature technique for preparing a good microfluidic system and there is a lack of good
and perfect preparation materials. Overall, the advantages of microfluidic technology confer promising
potential for high-efficiency screening, environmental monitoring, clinical monitoring, on-site analysis,
and DNA sequencing applications.

3. Sample Preparation in Microfluidics

3.1. For Single Component

For a single component, there is no special and complicated separation and purification treatment
of the sample needed. However, how to improve the sensitivity, speed and accuracy of the detection
component is particularly important. At present, the molecular technologies, such as PCR, first need
to extract the DNA of the bacteria, and also add the required reagents by labour, which is extremely
time-consuming and troublesome. In addition, if the concentration of the analyte does not reach a
measurable level, it is also necessary to concentrate the bacterial DNA concentration multiple times [58].
Therefore, other methods, such as optical analysis, fluorescence detection or electrochemical analysis,
can avoid the pretreatment of samples and achieve automated, simple and rapid bacterial detection.

PCR is routinely applied to detect some components in food. Therefore, Tachibana et al. developed
a new PCR-based microfluidic technique for the successful detection of 0.031 μg/μL of E. coli O157:H7
genomic DNA, which was completed in 18 min and provided a new platform for a rapid, simple
and low-cost detection assay for this pathogen. However, there is still a need to further improve the
bacterial pre-enrichment and DNA purification steps to lower the detection limit of E. coli O157:H7 in
the integrated PCR system (103 CFU/mL) [59]. Zhang et al. used magnetic silica beads and a special
coaxial channel to optimize the detection of E. coli O157:H7. This special channel allows the improved
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separation and capture of the lysed DNA of E. coli O157:H7 using magnetic materials. With this
modified system, E. coli was successfully detected by microfluidic PCR with a detection limit of only
12 CFU/mL [57].

To lower the cost and the difficulty of sample preparation, and increase the portability of testing,
high-performance materials, such as paper-based microfluidic chips, are being developed to detect
such pathogenic bacteria. Wang et al. proposed a paper-based impedance immunosensor for detecting
E. coli O157:H7. Gold nanoparticles grew on the working electrode and anti-E. coli O157:H7 antibody
immobilized on the paper electrode was used to capture the target bacteria, which changed the
resistance of the reaction in different environments and successfully detected E. coli O157:H7 from
ground beef (LOD of 1.5 × 104 CFU/mL) and cucumber (LOD of 1.5×103 CFU/mL) [60]. Moreover,
there are also numerous introductions and research on paper-based microfluidics. Cate et al. reviewed
the preparation, principles, and application of paper-based microfluidic chips [61]. Liu et al. also
described recent developments, trends, and challenges of paper-based microfluidic chips for food
safety applications [62]. Therefore, the detection process for pathogens is mainly to optimize the
detection technology.

3.2. Complex Components in Food Matrix

To date, most techniques that are used to determine some experimental samples are relatively
simple just for a single component. However, for practical use, complex samples and variability in
environmental conditions may result in reduced sensitivity and specificity of microfluidic technology,
so a device should be designed to analyze more complex samples, such as soil, sewage, or food
samples [63]. Due to the physical and chemical properties of each component to be tested in the
sample may not be much different than those of single components (such as the detection of different
bacteria), it may be difficult to achieve simultaneous detection of multiple components. Additionally,
the variety and content of other substances in complex food matrices may interfere with the detection
and reduce the accuracy of the assay. For example, if the aim is to detect E. coli in food samples, there
is definitely more than one kind of bacteria in this concentrated sample. Thus, in order to eliminate
these interferences, some specific bio-recognition molecules can be integrated into the detection system.
It is by increasing the concentration and specificity of the sample that makes it easier to detect the
components from complex mixtures.

3.2.1. Special Materials and Sampling Methods

The main cause of low reproducibility or the inability of microfluidic devices to detect analytes
in complex food substrates is due to the concentration of analytes below the detection limit. Thus,
the separation and enrichment of targets from a food matrix are needed to increase the efficiency for
detecting analytes. The sample concentration can be improved using a variety of techniques such,
as magnetic beads or filter membranes. Among them, the magnetic beads generally have superior
paramagnetism, such as Fe3O4, which is able to separate from the sample to be tested with the help of a
magnetic field and a rich surface-active group. The filtration membranes are usually made of a variety
of ultra-high-performance polymers, which have acid and alkali resistance or oxidation resistance to
achieve the separation and purification of the samples. Furthermore, since the reaction is performed in
a microfluidic system, different injection methods may improve the concentration of the target [18,64].

Immunomagnetic separation (IMS) can be used to concentrate bacterial cells present at lower
concentrations, but it is just suited to a small volume sample (e.g., 1 mL), which is far smaller than the
large volume of enrichment culture (e.g., 250 mL). To address this issue, Ganesh et al. integrated IMS
of bacterial cells into microfluidic devices for the preconcentration of 50 mL volume samples. PCR was
then applied for the qualitative and quantitative detection of the E. coli O157:H7 in less than two hours.
This platform decreased both the required sample volume and the overall time of the reaction [65].
Oh et al. combined loop-mediated isothermal amplification (LAMP) with a disk-shaped centrifugal
microfluidic device to successfully detect four foodborne pathogens (Escherichia coli O157:H7, Salmonella
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typhimurium, Vibrio parahaemolyticus and Listeria monocytogenes) in contaminated milk samples with
bacteria. The use of Eriochrome Black T (EBT) in the system allowed the colorimetric detection of the
LAMP reaction, and this process enabled a fully automated detection of bacteria with a detection limit
of 10 bacterial cell level in 65 min [66]. However, the colorimetric measurement of this platform is
identified by the naked eye, which may cause some errors in the interpretation of the experimental
results. For this reason, Sayad et al. utilized calcein as an indicator and combined it with LAMP for a
genotypic analysis of eight strains of the foodborne pathogens E. coli O157:H7, Salmonella and Vibrio
cholerae, for a total of 24 pathogenic bacteria being detected. The result of the colorimetric method was
analyzed and transmitted to a smartphone using a developed electronic system that interfaced with
bluetooth wireless technology in 60 min. This system avoids artificial subjective errors and achieves a
fully automated, quick and on-site test [67].

The above experiments use special materials to detect bacteria, but filter membranes can also
be used to increase the concentration of the target. Li et al. used a poly sulfone hollow-fiber
membrane module to separate and concentrate bacterial cells from chicken homogenates in cross-flow
microfiltration. This special microfluidic system can effectively recover 70% of the analytes in the
mixture in 30-45 min, greatly improving the concentration of analytes and decreasing experimental
time (approximately 6 h in the industry) [68]. However, special microfluidic injection channels can
also be used. For example, Shu et al. integrated multiple PCR steps into microfluidics by preparing
special continuous-flow channels. With this special device, the genes of S. enterica, L. monocytogenes,
E. coli O157:H7, and S. aureus could be simultaneously amplified and detected from banana, milk,
and sausage samples. The whole experiment required only 19 min, with a detection limit as low as
102 copies/μL [69].

3.2.2. Bio-Recognition Molecules

Even if the concentration of analytes can be increased, the detection of the target in the presence
of some similar components is challenging. Therefore, some biomarkers capable of specifically
recognizing the analyte are required to achieve the rapid and accurate detection of the target. As
shown in Figure 3, there is the high specific interaction between some surface antigen biomarkers and
recognition molecules.

Antibodies are one of the most common bio-recognition molecules. Savas et al. used a
biosensor-conjugated antibody on gold nanoparticles to successfully detect Salmonella from human
stool samples. The fully automated microfluidic electrochemical sensor allowed Salmonella, as low as
1 CFU/mL, to be sensitively and specifically detected in mixed samples by a specific reaction between
the specific antibody and the antigen on the surface of the bacteria [70]. As an alternative to antibodies,
aptamers are single-stranded nucleic acid molecules that are stable, easy to synthesize, and cheaper
than antibodies. Aptamers can also specifically bind target molecules and can be modified with various
fluorescent dyes or other labels. Wu et al. first separated and concentrated analytes from a mixed
solution using the property of Fe3O4 magnetic nanoparticles. Next, according to the specificity of the
aptamer of different bacteria, color-changing upconverting nanoparticles conjugated with different
aptamers were used as a signal probe to detect three corresponding pathogenic bacteria. The color
change of the multi-color upconverting nanoparticle composite indicated whether the bacteria existed
in the mixture to achieve simultaneous, sensitive and selective detection [71].

Lectins can also be used as a bio-recognition molecule. Kang et al. studied different sizes
of magnetic nanoparticles coated with lectins for the capture of pathogenic bacteria from mixed
solutions. The result showed that magnetic nanoparticles with a radius of 250 nm were the most
effective method for separating and detecting S. aureus in a mixed solution (102 CFU/ mL) [72].
Another study used concanavalin A (ConA), a mannose/glucose-binding lectin that can be used to
recognize lipopolysaccharides exposed to bacterial surfaces. Dao et al. combined ConA-functionalized
microfluidic chips with LAMP to capture and enrich Salmonella typhimurium in urine samples (10 mL).
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Through this integrated system, the label-free, fast and real-time detection of Salmonella typhimurium
with a concentration as low as 5 CFU/mL was completed in 100 min [73].

 
Figure 3. Schematic view of different bio-recognition elements in microfluidics. (A) Antibody;
(B) Nucleic Acid; (C) Lectin; (D) Nanoparticle.

4. Application of Microfluidic Combined with Different Technologies

Currently, traditional technologies, such as PCR, ELISA and LAMP, are accurate and effective, but
they may be costly and complicated [74,75]. Furthermore, for food or other complex environmental
samples, the acquisition of the analytes may be difficult or it may be challenging to completely
integrate the separation and detection processes in a single microfluidic chip [76]. In particular,
if the physical and chemical properties of each component to be tested in the sample are similar,
it may be difficult to simultaneously distinguish and detect various substances. The future work
should aim to decrease pre-processing or to combine pre-processing steps with detection for the
analysis of foodborne pathogens. The successful application mainly depends on high efficiency, high
speed, and the automation of microfluidic technology, combined with different technologies, such as
electrochemical biosensors, optical biosensors, immunoassays and nucleic acid-based methods [77].

4.1. Biosensor-Based Microfluidics for the Detection of Foodborne Pathogens

Biosensors are developed based on knowledge from the disciplines of biology, chemistry, physics,
medicine, and electronic technology. A biosensor is sensitive to biological substances and can
convert signals, such as the concentration and activity of analytes, into electrical signals for rapid
detection [78–80]. Safavieh et al. used a microfluidic electrochemical biosensor that combined with
LAMP for the detection and quantification of E. coli. There is no need of probe immobilization,
and bacterial detection can be done in a single chamber without DNA extraction and purification
steps. This experiment can detect and quantify bacteria to 24 CFU/mL and 8.6 fg/μL of DNA within
60 min [81]. This shows the use of biosensors in microfluidic chips may provide integrated systems with
improved sensitivity and rapid and on-line detection. Biosensors include both the optical biosensors
and electrochemical biosensors [82].

132



Microorganisms 2019, 7, 381

4.1.1. Microfluidic Chips with Optical Detection

Surface Plasmon Resonance (SPR) Biosensors

Surface plasmon resonance (SPR) is a high-sensitivity and real-time spectral analysis technique
that measures the change in the refractive index of a surface material on a metal film. The application
of SPR for the detection of analytes is shown in Figure 4. The advantage of SPR is that the object tested
is label-free, and the method is easy and quick, allowing dynamic and real-time monitoring of the
reaction [83,84]. At present, SPR has been used to detect pathogenic bacteria, allergens, and toxins [85].

 
Figure 4. The principle of surface plasmon resonance detection.

Zordan et al. designed a hybrid microfluidic biochip for the detection of pathogens using SPR
combined with fluorescence imaging. An array of gold spots was included in the microfluidic system
to specifically capture the specific pathogens. A closed polydimethylsiloxane (PDMS) microfluidic
flow chamber was used to transport and magnetically concentrate the sample to be tested. SPR and
fluorescence were then used for the successful detection of E. coli O157:H7 [86]. The Zordan’s group
also developed a biosensor array chip to specifically detect the presence of different pathogens. In this
design, the PDMS microfluidic system allowed SPR and fluorescence imaging for simultaneous, rapid,
label-free, real-time and multiple detection of foodborne pathogens. Furthermore, the functionalized
magnetic particles were applied to a hybrid microfluidic biochip [87]. Tokel et al. prepared a portable,
low cost and multiplexed microfluidic system that used SPR to detect and quantify E. coli and S. aureus.
As a result, 100 μL of E. coli or S. aureus in phosphate buffered saline and peritoneal dialysis solution at
a concentration of 105 to 3.2 × 107 CFU/mL can be reliably and specifically detected within 20 min [88].

Optical Fibre Biosensors

Fiber-optic biosensors can selectively interact with a specific biosensor (i.e., antigen-antibody or
enzymes), resulting in the production of biological or chemical information that can be converted into
a transmitted light signal captured by the optical fiber, with varying light intensities, light amplitude,
or phases [89]. An ideal sensor has good selectivity and high sensitivity for bacterial pathogens,
pesticides, and toxins [90,91]. However, the spectra generated by the complexes or products formed in
the experiments are similar, so the fibers are unable to be easily distinguished and detected. Therefore,
the indicators or labels, such as enzymes, fluorescent substances, acid-based indicators, and lanthanide
complexes are often used. Instead, optical fiber biosensors are mostly used in conjunction with various
spectroscopy techniques such as absorption, fluorescence, or surface enhanced Raman spectroscopy
(SERS) to improve sensitivity.

The Raman signal from molecules located near a nano-structured metallic surface and excited by
visible light can be strongly enhanced, a process known as surface enhanced Raman scattering (SERS).
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SERS is widely used in the detection of foodborne pathogens. Li et al. invented a microfluidic chip with
an integrated nanoporous gold disk array, a highly effective SERS substrate. The integrated system has
an order of magnitude of a larger surface area than its projected disk area, corresponding to a great
improvement of the Raman signal. Rhodamine was used to test the performance of the microfluidic
device, showing excellent and rapid detection [92]. Mungroo et al. developed a microfluidic device
with silver nanoparticles to improve the detection of pathogenic bacteria. The data analysis included
homometric, principle component, and linear discriminant analyses. This platform allowed the
detection and discrimination of multiple major foodborne pathogens: E. coli O157:H7, Salmonella, S.
enteritidis, P. aeruginosa, L. monocytogenes, and L. innocua [93].

Gilli et al. designed a disposable plastic sensing device that utilized a total internal reflection
fluorescence optical. There is no interference caused by non-specific binding or noise, and the
microfluidic chip is connected with automated and sensitive customized software to realize the
multiplex detection of the different targets [94].

4.1.2. Microfluidic Chip with Electrochemical Detection

Electrochemical biosensors use electrodes as conversion elements and immobilize bio-sensitive
substances including antigens, antibodies, or enzymes onto the electrode to detect target molecules
by specific bio-recognition and antigen interaction [95]. The above reactions can be transformed into
electrical signals, such as capacitance, current, potential, or conductivity, to achieve the qualitative
or quantitative detection of analytes, resulting in powerful tools for the detection of biological
samples [96–98].

Tan et al. developed a stable PDMS microfluidic device with an impedance immunosensor by
grafting modified silane and an antibody on nanoporous membranes for the specific measurement of
E. coli O157:H7 and S. aureus. The difference between these bacteria was expressed by monitoring the
amplitude change of the impedance spectrum before and after the bacteria captured by complimentary
antibodies on the nanoporous alumina membrane, which achieved a rapid and sensitive bacterial
assay of 102 CFU/mL in 2 h [46]. Chen et al. developed a fast, sensitive and complex microfluidic
device that integrated electrochemical impedance analysis and urease catalysis to measure Listeria. The
bacteria cells, the modified magnetic nanoparticles (MNPs) with anti-Listeria monoclonal antibodies,
anti-Listeria polyclonal antibodies, and the urease modified gold nanoparticles (AuNPs), were incubated
in an integrated microfluidic chip with active mixing to form MNP-Listeria-AuNP-urease sandwich
complexes. Through this platform, Listeria can be detected as low as 1.6 × 102 CFU/mL in one hour [99].

Overall, the use of online, automated, and sensitive microfluidic impedance biosensors for
bacterial separation and detection is promising. To improve the effectiveness of these systems, Liu et al.
integrated dielectrophoresis and electrochemical impedance into microfluidics for in-situ impedance
detection of bacteria. The dielectrophoresis technique was applied to enrich trace bacteria. The
microarray electrode microfluidic chips can specifically detect bacteria from microsystems. The
detection limit of E. coli O157:H7 in this device was 5 x 104 CFU/mL in 6 min [100]. This integrated
microfluidic analysis microsystem is the first step for the rapid real-time in situ detection of bacteria.

The above devices are impedance-based for the detection of foodborne pathogens. In addition,
there are voltametry-based microfluidics. Safavieh et al. used LAMP in a microfluidic system for
the quantitative detection of E. coli O157:H7 and S. aureus using the linear sweep voltametry method.
The foodborne pathogens with a detection limit of 48 CFU/mL were detected in 35 min. Unlike other
electrochemical techniques, this method does not require a complex probe immobilization process, and
bacterial detection can be performed in the chamber structure without the need for DNA extraction
and purification steps [81].

4.2. Immunoassay-Based Microfluidics for the Detection of Foodborne Pathogens

The immunological methods offer high specificity, high sensitivity, and high analytical capacity
based on the specific reaction between the antigen and antibody to form a complex, as shown in
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Figure 5. The immunological approaches have been used to detect bacteria, viruses, fungi, various
toxins, parasites, proteins, hormones, other physiologically active substances, drug residues, and
antibiotics [101]. The determination of pathogenic bacteria by immunological methods alone is prone
to cross-contamination risks and negative results, and requires trained personnel. However, when
combined with microfluidic technology and immunoassays, specific antigen-antibody reactions can
enhance the specificity and sensitivity of microfluidic analysis. Additionally, the use of microfluidics is
rapid, has low-consumption, and automated compared to traditional immunology techniques, such as
ELISA, lateral flow assays (LFAs), or radioimmunoassays (RIAs), which may require long detection
times, expensive reagents, or complicated procedures [102].

 
Figure 5. The basic principles of immunoassay-based microfluidics for the detection of
foodborne pathogens.

4.2.1. Enzyme-Linked Immunosorbent Assay (ELISA)

In ELISA, a known antigen or antibody on the surface of a solid phase carrier (polystyrene
microplate) is bound in an enzyme-labeled antigen-antibody reaction, and any free components in the
liquid phase are washed away. This method has been applied to the effective and specific detection of
pathogenic bacteria [103,104].

Thaitrong et al. designed a microfluidic sandwich ELISA for the rapid determination of plant
pathogens. The microfluidic concentrator was fabricated using a microchannel, and the all reactions
were in a microfluidic channel with the help of capillary force to drive the flow of the reactants [104].
Compared to traditional methods, this microfluidic system is faster, more portable, energy-efficient, and
protected against sample contamination, providing a new approach for the detection of pathogens [92].
In a similar device by Wu et al. analytes were concentrated by mixing iron particles with PDMS to form
an electromagnetically-driven microdevice that could be controlled by the application of a magnetic
field [105], as described by Yanagisawa and Dutta [106].

4.2.2. Immunomagnetic Fluorescence Assay (IMS)

The IMS assay is also based on the reaction between the antigen and antibody. When the IMS
assay combined with microfluidic-based technology, the performance of the IMS assay can be more
highly specific and sensitive, fast, and convenient. Zhang et al. connected an optical fiber spectrometer
with a microfluidic device to achieve the rapid and sensitive detection of avian influenza virus. The
integrated device allowed the immunomagnetic capture, concentration, and fluorescence detection of
foodborne pathogens [107]. Similarly, Kanayeva et al. combined magnetic nanoparticles, a microfluidic
chip, and an interdigitated microelectrode to integrate an impedance immunosensor for the efficient
separation and sensitive detection of L. monocytogenes [108].

There are several other microfluidic based immunological methods, such as lateral flow assays
(LFAs) [109,110] and RIAs [111]. Although the combination of immunology and microfluidics has
greatly improved its performance, further improvement is possible. For example, non-specific binding

135



Microorganisms 2019, 7, 381

is a problem and increased objectivity is required for result interpretation, as it can lead to wrong
results and affect later experiments [112].

4.3. Nucleic Acid-Based Microfluidics for the Detection of Foodborne Pathogens

Nucleic acid-based methods can be used to detect a certain sequence of DNA or RNA from
pathogens, using capture and detector probes (short DNA or RNA sequences). These methods
can provide more specific and accurate results than the above methods. The integration of nucleic
acid-based detection technology in microfluidic devices has been widely applied in various fields due
to the small-volume sample requirement, fast detection time, and simple sample processing, especially
for the detection of foodborne pathogens [56,113]. Nucleic acid-based detection methods include PCR,
LAMP, and recombinase polymerase amplification (RPA).

4.3.1. Polymerase Chain Reaction (PCR)

Ganesh et al. designed an integrated microfluidic PCR system consisting of two main components:
A preconcentration chamber for the immunomagnetic separation of bacterial and a PCR chamber for
DNA amplification. Further, E. coli O157:H7 with the detection limit of 103 CFU/mL was successfully
detected by the integrated system [65]. Zhang and Wang developed an integrated microfluidic
platform with silica superparamagnetic particle-based solid phase extraction for cell lysis, DNA
binding, washing, elution, and PCR on a single platform [114]. The preparation, principle, and usage
of specific PCR-based microfluidic chips have been described [58,59].

4.3.2. Multiplex PCR

Zhang et al. reported a flow-based multiplex PCR microfluidic system capable of high-throughput
and rapid DNA amplification to detect foodborne pathogens. The system consisted of four reaction
channels to simultaneously detect L. monocytogenes, E. coli O 157:H7, and S. enterica from food samples.
Multiplex PCR with a special injection device of oscillatory-flow used only 5μL of the sample and
the reaction can be completed in 13 min, being one sixth of the time required for conventional PCR
(70 min) [115]. Similarly, Shu et al. prepared a segmented continuous-flow multiplex PCR on a
special spiral channel microfluidic device that consists of a disposable polytetrafluoroethylene capillary
microchannel coiled on three isothermal blocks. The microfluidic device rapidly identified a variety
of foodborne pathogens, including S. enterica, L. monocytogenes, E. coli O157:H7 and S. aureus. After
optimizing the parameters, their genomic DNA of four bacteria were amplified simultaneously at
19 min with a minimum detection limit of 102 copies/μL [69].

4.3.3. Loop-Mediated Isothermal Amplification (LAMP)

Compared with enzyme-linked immunosorbent assays, LAMP is a rapid and specific method
for nucleic acid amplification. LAMP does not require thermal denaturation, temperature cycling,
electrophoresis, or ultraviolet detection, and it shows better sensitivity, specificity, cost and detection
range than PCR. Additionally, LAMP does not require a complex temperature gradient regulation for
high-throughput rapid detection.

Tourlousse et al. developed a cheap, portable, easy-to-use, single use polymeric microfluidic chip
for the quantitative detection of different pathogens by isothermal nucleic acid amplification. The
microfluidic chips were able to rapidly and quantitatively detect bacteria DNA of 10–100 genomes/μL
in 20 min [116]. Uddin et al. prepared a rapid, automatic and novel microfluidic compact disk platform
combined with LAMP and a color sensor for the sensitive detection of different DNA concentrations
for Salmonella. Furthermore, a disk platform can achieve a simultaneous detection of multiple sets of
samples [117]. For simultaneous detection of complex samples, Sun et al. described an eight-chamber
microfluidic chip that takes advantage of magnetic bead-based sample preparation and LAMP for
the rapid quantitative detection of Salmonella in food samples. The system can measure Salmonella at
concentrations of 50 cells per test within 40 min for rapid on-site screening of foodborne pathogens [118].
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However, nucleic acid-based microfluidics for the detection of foodborne pathogens include RPA,
a nucleic acid detection technology that allows for single-molecule nucleic acid detection at room
temperature within 15 min. This technology is truly portable and fast, with acid-based detection
for analytes and low requirements for hardware equipment [119,120]. Other methods for pathogen
detection include nuclear acid sequence-based amplification (NASBA) and nuclear acid sequence-based
amplification (HAD) [121–123].

5. Challenges and Opportunities

Microfluidics integrates the functions of a full laboratory into a single device, including
sampling, dilution, reagent addition, reaction, separation, and detection. The potential applications of
microfluidics in the food industry include the detection of foodborne pathogens, but also the detection
of pesticide residues, heavy metals, or food additives. Microfluidic devices require lower consumption
of reagents, and provide faster screening with shorter reaction times and lower costs. Thus, microfluidic
technology provides promising approaches to solve key and complex problems in food safety.

However, the application of microfluidics based on different technologies for the detection of
foodborne pathogens is still in its infancy. Although some special materials and bio-recognition
molecules can be used to improve the detection of targets in actual samples, there may be some
non-specific binding that can influence the results of the experiment. The severity of this problem,
based on the composition of the food samples and the variation of the sample pretreatment processes,
is described by Li. et al. [124]. However, current analytical systems are relatively immature, so the
detection of pathogenic bacteria is not yet precise [72]. Furthermore, a major challenge to be overcome
is that existing microfluidic systems are complex or expensive to easily integrate into a functional
system, and such ease of integration is required for convenient use in food safety. However, there are
great expectations for further innovation and development of highly efficient microfluidic technologies
for measuring pathogenic bacteria.

6. Conclusions

Food safety is closely related to human health, therefore, powerful, sensitive and effective tools
are needed to ensure food safety, such as the detection of foodborne pathogens. The high selectivity,
sensitivity, and efficiency of microfluidic technology can employ these devices to replace some
traditional labor-intensive and slow-culture methods for the detection of pathogens in foods. However,
capturing effective pathogens from complex food samples for high-throughput multiplex analysis
remains inefficient. Consequently, when some traditional methods are combined with microfluidic
technologies that can be more effective, the preconcentration and sample preparation steps are typically
improved and simplified. This article described the incorporation of rapid detection techniques such
as SPR, ELISA, PCR, and LAMP in microfluidic devices for improving the detection efficiency of
foodborne pathogens.

Nevertheless, the technologies for preparing microfluidic devices and integrating microfluidics
with other detection technologies are imperfect and are in the initial stages of industrialization.
Therefore, further exploration and research is needed to expand the application of microfluidic
technology in different industries. The authors are confident that microfluidics will be more broadly
applied in multiple fields, once these problems are addressed in future studies.
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Abstract: Small fruits are a multi-billion dollar industry in the US, and are economically important in
many other countries. However, they are perishable and susceptible to physiological disorders and
biological damage. Food safety and fruit quality are the major concerns of the food chain from farm
to consumer, especially with increasing regulations in recent years. At present, the industry depends
on pesticides and fungicides to control food spoilage organisms. However, due to consumer concerns
and increasing demand for safer produce, efforts are being made to identify eco-friendly compounds
that can extend the shelf life of small fruits. Most volatiles and essential oils produced by plants are
safe for humans and the environment, and lots of research has been conducted to test the in vitro
efficacy of single-compound volatiles or multi-compound essential oils on various microorganisms.
However, there are not many reports on their in vivo (in storage) and in situ (in the field) applications.
In this review, we discuss the efficacy, minimum inhibitory concentrations, and mechanisms of action
of volatiles and essential oils that control microorganisms (bacteria and fungi) on small fruits such as
strawberries, raspberries, blueberries, blackberries, and grapes under the three conditions.

Keywords: postharvest diseases; food borne pathogens; bacteria; fungi; food safety; plant extracts;
small fruits; grape; strawberry; blueberry; raspberry; blackberry; essential oils

1. Introduction

There are two major concerns for the handling and consumption of small fruits. First is their
short shelf life, and second is food safety. Fresh produce in particular is gaining increasing attention
in the current food safety and regulatory climate. Centers for Disease Control and Prevention [1],
has developed a comprehensive list of food sources of all foodborne illnesses in the United States
(U.S.) and fresh produce accounted for nearly half of illnesses among all types of foods reported
during 1998–2008.

Standard small fruit production practices discourage growers from washing fruits after harvest
and during storage. This may contribute to the buildup of food-borne bacteria and may pose a food
safety risk to consumers since small fruits are eaten fresh. Also, small fruits have a very short shelf life
due to their susceptibility to spoilage pathogens, physiological disorders and mechanical injury [2].
This is partly due to their high nutrient content and water activity, and low pH which make them
susceptible to fungal attack. Thus, losses during harvest, handling and marketing are sometimes as
high as 50% [3]. Pathogens may also produce mycotoxins that make the fruit harmful to consumers [4].

Low temperature storage is not adequate to extend fruit shelf-life for prolonged storage or for
delivery to distant markets. Therefore, controlled temperature combined with high CO2 in modified
atmospheres has been recommended to reduce spoilage [5]. Although small fruits can tolerate high
CO2 levels in storage, it causes off-flavors in the long term [6], and application of fungicides is still the
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main method to control postharvest diseases in small fruit [6–8]. However, under optimal conditions
for disease development, fungicides are not effective and growers may try to overcome this challenge
by increasing fungicide applications, which in turn leads to higher residue levels in produce [7].
In the long term, the population of beneficial organisms declines as residual fungicides lead to the
development of resistant fungi [6,8,9]. High levels of pesticide residues on berries are of particular
concern because they are consumed fresh shortly after harvest. This has placed strawberries at the
top of the “Dirty Dozen” list [10] and raised concerns about human health and pronounced oncogenic
risk [8,11]. Other concerns with excessive pesticide application are increased cost, handling hazards,
and threats to the environment [12]. Therefore, many restrictions are imposed on pesticide application
in many countries around the world [9,12].

Nowadays, consumers concerned about fungicide residues in small fruits demand safer
alternatives to replace synthetic pesticides [13]. Therefore, new disease control technologies that
are safe for humans and the environment are needed [12]. Biological control, such as the use of plant
volatiles is an exciting alternative [8]. Plants synthesize an enormous number of volatiles (phenols
or their by-products). Many of them are responsible for flavor, while some have useful medicinal
compounds [12].

Natural plant products tend to have low mammalian toxicity, broad-spectrum antimicrobial
activity, are less hazardous than synthetic compounds, and are generally more acceptable to the
public [4,7,12,14–16]. At present, there are many research results on the efficacy of plant volatiles to
control fungal and microbial growth in in vitro (laboratory) conditions [17,18], but very few discuss
their efficacy to extend the shelf life of fresh produce.

In this review, we discuss the efficacy of volatiles (single compounds) and essential oils (EOs,
group of compounds) produced by plants to control food-borne bacteria (Salmonella spp., Escherichia
coli, and Listeria) and fruit pathogens (mainly Botrytis and Colletotrichum) on extending the shelf life
of small fruits, such as strawberries (Fragaria × ananassa Duch), raspberries (Rubus spp.), blueberries
(Vaccinium spp.) and grapes (Vitis vinifera L.). We also provide insight into their in vitro, in vivo (in
storage) and in situ (in the field) applications, and their mechanisms of action. A summary of the
papers reviewed is presented in Table 1.
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2. Control of Food Born Bacteria by Volatiles and Essential Oils in Small Fruits

Most of the studies on the application of natural volatiles and essential oils (EOs) to control
foodborne pathogens, such as Salmonella Typhimurium, Salmonella enterica, E. coli, and Listeria
monocytogenes, etc., have been conducted in vitro in petri dishes [31]. However, very few reports
discuss the efficacy of plant volatiles and essential oils to control foodborne bacteria on small fruits
during storage. Sun et al. [30] studied chitosan coating mixed with six different essential oils in vitro to
control E. coli and Penicillium digitatum in blueberries during storage. Carvacrol and cinnamaldehyde
had high antimicrobial capacity and were selected for in vivo studies to control blueberry pathogens.

Sánchez-González et al. [17] tested biodegradable coatings with and without bergamot essential
oil (from Citrus × bergamia Risso & Poit.) on table grapes (V. vinifera L.) during storage. They found
that incorporation of bergamot essential oil improved the antimicrobial activity of the coatings and
significantly reduced mold, yeast, and mesophile counts.

3. Control of Fungal Diseases in In Vitro Conditions

3.1. Effect of Volatiles on Fungal Diseases in In Vitro

Plant volatiles are mainly aldehydes, alcohols, acids and esters synthesized through the
hydroperoxide lyase (HPL) and liposygenase (LOX) pathways. These products are involved in
plant wounding responses and may have physiological roles (such as self-defense and antimicrobial
properties) beside their role in aroma biosynthesis [9].

The effect of single compound terpene, terpenoids, and aldehyde vapors and their mixture from
crushed tomato (Solanum sp. ‘Mountain Pride’) leaves were tested on conidiospores from Alternaria
alternata and Botrytis cinerea. (E)-hex-2-enal and hexanal inhibited A. alternata hyphal growth and
B. cinerea spore growth, while the terpene limonene and 2-carene did not affect hyphal growth [19].
However, the synergistic effect of other bioactive volatiles should not be excluded. The unsaturated
aldehydes (E)-non-2-enal and (E)-hex-2-enal, were significantly more active than saturated hexanal,
in inhibiting fungal growth [19].

Similarly, Arroyo et al. [9] examined the antifungal activity of eight aroma compounds of
strawberry fruit against Colletotrichum acutatum in vitro. The aldehyde (E)-hex-2-enal significantly
inhibited mycelial growth and spore germination (minimum inhibitory dose, MID of 33. 6 μL L−1).
Hexanal was only effective when applied in higher doses of up to 10 times [9]. The inhibitory
concentrations of hexanal on pathogens reported by others are quite different. Almenar et al. [14]
observed that hexanal completely inhibited the growth of C. acutatum, B. cinerea, and A. alternata at low
concentrations of 1.1, 1.3 and 2.3 μL L−1 air respectively. Andersen et al. [32] reported that 0.00007 μL
L−1 air of hexanal reduced A. alternata growth on agar by 50%. Song et al. [33] reported that 0.5 μL L−1

air inhibited B. cinerea growth on potato dextrose agar (PDA ) media and Archbold et al. [24] showed
0.008 μL L−1 (2 μL/250 ml container) hexanal reducing B. cinerea in inoculated strawberries by 90%.
In contrast to all these reports, Hamilton-Kemp et al. [19] observed a stimulatory effect of hexanal on
A. alternata and B. cinerea mycelial growth at low levels.

In an experiment, among five antifungal volatiles (hexan-1-ol, benzaldehyde, 2-nonanone,
(Z)-hex-3-en-1-ol and (E)-hex-2-enal) released by raspberry and strawberry fruits, (E)-hex-2-enal and
benzaldehyde were the most effective against three fungal (A. alternata, B. cinerea, and Colletotrichum
gloeosporioides) species in vitro [20].

To our knowledge, only one study reported the application of slow-release hexanal in postharvest
fungal control in small fruits. To develop a controlled release mechanism, hexanal was incorporated
into a polymer (β-cyclodextrin) and then evaluated in vitro against B. cinerea, C. acutatum and A.
alternata. Hexanal was fungistatic on all three pathogens and fungicidal on C. acutatum. C. acutatum
was more responsive to hexanal than the other two pathogens. The data suggested that a slow-release
compound provided a more uniform volatile dose during storage and was more effective in reducing
postharvest diseases [14].
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3.2. Effect of Essential Oils on Fungal Diseases In Vitro

Essential oils (EO) are naturally occurring substances extracted from plant material and are a
complex of volatiles produced in different plant parts. They constitute different plant secondary
metabolites mainly from terpenes, and other aromatic compounds [34]. They have various functions
in plants such as resistance against pest and diseases [13]. Essential oils with active ingredients can be
used as an alternative management method to control microorganisms. They have shown antibacterial,
antifungal, and antioxidant properties against some important food-borne and plant pathogens.

Essential oils have three main features. Since they are produced by plants, they are safer to
the environment and humans than synthetic alternatives. Second, they have low risk of resistance
development by pathogens because they are a mixture of oil components and pathogens lack the
mechanism to develop resistance against a range of chemicals. Third, there is a broad range of natural
compounds that have the potential to be used for controlling pathogens [7]. Essential oils are generally
considered safe for treating food products, and sometimes even beneficial in extending their shelf life.
However, phytotoxicity, off-flavors and off-odors have also been reported.

A large number of papers have been published on the biological activity of essential oils. The large
variability among the data may be attributed to factors such as genetics, climate, geographical and
seasonal conditions, distillation techniques and time of harvest [4]. Consequently, the chemical
composition of essential oils needs to be standardized and reproducible [7].

Most of the reports on the inhibition of post-harvest fungal pathogens by essential oils focus on
in vitro conditions [28]. The efficacy of several essential oils and their antimicrobial compounds were
studied in extending the shelf life and inhibiting decay of strawberries. Only a limited number of
literature investigated the effect of essential oils and/or plant extracts against B. cinerea or other small
fruit pathogens [4,6,7,18].

Two studies [4,18] screened a large number of essential oils and plant extracts for their efficacy
against B. cinerea. Wilson et al. [18] screened 345 plant extracts for their antifungal activity and thirteen
were highly antifungal. The extracts from Capsicum and Allium genera were the most effective and
inhibited B. cinerea spore germination after 48 and 24 hours, respectively. Among 49 essential oils
tested, red thyme (Thymus zygis L.), palmarosa (Cymbopogon martini (Roxb.) Will. Watson), clove buds
(Syzygium aromaticum (L.) Merr. & L.M. Perry), and cinnamon leaf (Cinnamomum zeylanicum Blume)
greatly inhibited germination of B. cinerea spores at the lowest concentration tested (0.78% dilution;
initial concentration was not provided). The essential oils with high antifungal activity and the highest
frequency were: cineole, limonene, α-pinene, β-myrcene, camphor and β-pinene [18].

Tripathi et al. [4] tested essential oils of 26 plants against B. cinerea. Among them, ten plants
(Zingiber officinale Roscoe, Z. cassumunar Roxb., Prunus persica (L.) Batsch, Ocimum sanctum L., Ocimum
gratissimum L., Ocimum canum Sims, Lawsonia inermis L., Eupatorium cannabinum L., Eucalyptus citriodora
Hook., and Chenopodium ambrosioides L.) showed 100% toxicity at 500 (mg L−1). The essential oils were
a mixture of nine major and sixteen minor compounds with possible synergistic effects between major
and minor constituents [4].

In another study, growth of B. cinerea mycelium was completely inhibited by thyme, oregano,
dictamnus and marjoram essential oils at 150, 200, 200 and 300 mgml-1, respectively. The main
component of oregano oil was thymol, and the main component of marjoram, thyme and dictamnus
oils was carvacrol [7].

Bhaskara Reddy et al. [6] reported that, there is a significant difference between the antifungal
activity of two clones of Thymus vulgaris (Laval-1 and Laval-2) against two strawberry storage
pathogens (Rhizopus stolonifer and B. cinerea). Oil from Laval-2 clones showed higher antifungal
activity in vitro and decay control action in vivo which is mainly due to its higher carvacrol, thymol
and linalool contents. Lemongrass oil reduced germ tube length and spore germination in R. stolonifer,
Colletotrichum coccodes, and B. cinerea [13].
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Combrinck et al. [21] tested eighteen essential oils on five pathogens, including B. cinerea isolated
from grapes. B. cinerea was the most susceptible to cinnamon, thyme, and eugenol at the lowest
concentration tested (500 μL L−1).

In the study conducted by Duduk et al. [2], clove bud, thyme and cinnamon bark essential oils
were fungistatic on mycelial growth of C. acutatum (667 μL L−1 of medium) and their volatiles disabled
appressoria formation (1.53 μL L−1 of air) and prevented conidia germination (76.5, 15.3 and 1.5 μL L−1

of air respectively).
Santos et al. [22] tested the efficacy of chitosan packages incorporated with Origanum vulgare L.

essential oil on Aspergillus niger and R. stolonifer on grapes. Mycelial growth was inhibited by essential
oil in in vitro conditions.

Bouchra et al. [23] evaluated essential oils of seven Labiatae plants grown in Morocco for their
antifungal activity in in vitro conditions against B. cinerea. Thymus glandulosus Req. and Origanum
compactum Benth., with thymol and carvacrol as main compounds, inhibited mycelium growth more
effectively than others.

3.3. Mechanism of Action of Volatiles and Essential Oils on Pathogen Growth in In Vitro Conditions

Different concentrations of hexanal are effective against fungal growth. Caccioni et al. [35] believed
that, the actual vapor pressure rather than the concentration of volatiles determines their effectiveness.
Therefore, the effectiveness of hexanal depends on its vapor pressure (effective concentration), its initial
amount and the tested fungus. In essential oils, the antifungal activity strongly depends on the
proportion of the individual components [36].

Gardini et al. [37] posited that hexanal is not soluble in water and therefore in the culture medium.
However, Almenar et al. [14] showed that PDA medium absorbed hexanal and prevented A. alternata
and C. acutatum growth (3.0 and 3.3 μL respectively). Therefore, if media can absorb henxanal,
we hypothesize that fresh produce can also absorb small amounts of volatiles and extend their shelf
life by extruding it.

The saturation status of volatile compounds seems to also affect their efficacy with
unsaturated compounds being more reactive than saturated ones. Hamilton-Kemp et al. [19] and
Andersen et al. [32] demonstrated that (E)-hex-2-enal (unsaturated aldehyde) was more effective
against B. cinerea and A. alternata hyphal growth than hexanal (saturated aldehyde). Arroyo et al. [9]
showed that aldehydes ((E)-hex-2-enal and hexanal) which are less saturated than alcohols and esters,
are more effective in fungal inhibition. In contrast, among the alcohols tested, (E)-hex-2-en-1-ol,
and (Z)-hex-3-en-1-ol which are less saturated than hexan-1-ol, showed lower antifungal activity
against C. acutatum mycelial growth [9]. The reason could be due to a different reaction of C. acutatum to
volatiles compared to B. cinerea and A. alternata as was mentioned by Almenar et al. [14]. Arroyo et al. [9]
studied the conidial cells of C. acutatum treated with (E)-hex-2-enal by transmission electron microscopy.
They observed that cell components were highly disorganized and cell wall and plasma membrane
were disrupted, resulting in lysis of organelles and cell death.

Almenar et al. [14] reported that B. cinerea and A. alternata reacted to hexanal similarly but
different from C. acutatum. They suggested that the inhibition mechanisms are different, but no further
explanation was provided. However, Hamilton-Kemp et al. [19] reported that C. acutatum and B. cinerea
responded similarly meaning hyphal growth was inhibited by aldehyde but not terpenes. However,
they suggested that more cautious interpretation is needed as variable culture conditions and organism
strain may affect the results.

The difference in the affinity of these compounds with microbial membranes seems to affect their
effectiveness and their toxicity [14]. Cell membrane permeability and its interaction with volatiles
are key elements in the effectiveness of gaseous compounds [38]. Changes in the permeability of cell
membranes, and degeneration of the ion gradients adversely affect vital cell processes and lead to cell
death [16].
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In this regard, Kulakiotu et al. [8] reported cell protoplast secretion without initial cell wall
disruption in mycelial hyphae of B. cinerea exposed to volatiles of grape (Vitis labrusca, cv. Isabella)
resulting in cell wall deformation. Hyphae from the control treatment was healthy, possessing
conidiophores with abundant conidia [8]. The mechanism of action of volatiles inhibiting hyphal
growth and their effect on membranes needs further investigation. Thymol and carvacrol also showed
antimicrobial activity against natural grape yeasts in red wines via damage to the membrane, leakage
of cytoplasmic content and finally inhibition of erogosterol biosynthesis [39].

The fact that different natural compounds have a different antifungal profile suggests that different
modes of action exist. In human pathogens, several mechanisms of actions have been reported for
antifungal activity of natural plant compounds. Sivakumar et al. [40] reported that chalcones (aromatic
ketons found in a few plant species) are able to disrupt fungal cell wall formation and cell lysis by
inhibiting synthesis of the cell wall polysaccharide 1,3-beta-D-glucan. They can also interrupt cell
division by inhibiting the conversion of tubulin into microtubules [41].

Aldehydes, another group of volatiles, inhibit fungal cell division by reacting with,
and inactivating sulfhydryl, the functional group involved in fungal cell division. Some aldehydes
(such as cinnamaldehyde, citral and perillaldehyde) are good electron acceptors and form a
charge transfer complex with electron donors present in fungal cells, thus interfering with fungal
metabolism [42].

Volatiles with α,β-unsaturated cabonyl groups (such as enones and enals) often react with
nucleophilus in fungi through the Michael reaction to create chemical modifications and interrupt
fungal growth [43] of C. acutatum, Colletotrichum fragariae, C. gloeosporioides, Fusarium oxysporum,
B. cinerea, and Phomopsis sp. Nevertheless, the accessibility of α,β-unsaturated carbonyl groups to
bulky nucleophile biomolecules plays an important role in their antifungal activity [44].

It has been reported that mitochondrial electron-transfer respiration systems in mammals were
inhibited by C. ambrosioides essential oil component such as carvacrol [36]. Another component
of the EO (ascaridole) formed toxic radicals in the presence of Fe2+ and reduced hemin [36]. The
phenol carvacrol has shown antibacterial properties due to its ability to distribute into membranes
and to permeate in them causing a breakdown of ion gradients. Carvacrol also increases the
passive permeability of the cell membrane and modulates certain Ca2+ permeable transient receptor
potential channels, inhibits sarcoplasmic reticulum Ca2+ ATPase, and activates ryanodine receptors
in skeletal muscle, thereby influencing intracellular calcium homeostasis (Monzote et al. [36] and
references therein).

4. Control of Fungal Diseases in In Vivo (in Storage) Conditions

4.1. Effect of Volatiles on Fungal Diseases In Vivo

Arroyo et al. [9] reported complete inhibition of C. acutatum development after five days by
(E)-hex-2-enal in inoculated strawberry fruit. This compound also effectively reduced B. cinerea disease
symptoms in grapes, blackberry (Rubus spp.) and strawberry [24]. Vaughn et al. [20], evaluated
fifteen volatiles from strawberries and red raspberries during ripening and found that five compounds
(hexan-1-ol, benzaldehyde, 2-nonanone, (Z)-hex-3-en-1-ol and (E)-hex-2-enal) completely inhibited A.
alternata, B. cinerea, and C. gloeosporioides on strawberry and raspberry fruits.

In another study, treatments with thymol, eugenol, and menthol reduced decay in strawberries,
with thymol being the most effective at slowing berry decay compared to the other two compounds [16].
Similarly, p-cymene, linalool, carvacrol, anethole, and perillaldehyde effectively retarded blueberry
mold formation, while cinnamic acid and cinnamaldehyde were less effective in suppressing blueberry
mold growth [25]. It has also been reported that grape (cv. Isabella) volatiles reduce B. cinerea activity
and inoculum density, thereby limiting incidence and infection in kiwifruits [8].

152



Microorganisms 2018, 6, 104

4.2. Effect of Essential Oils on Fungal Diseases In Vivo

Essential oils from a number of plants have shown activity against strawberry pathogens.
For example, eucalyptus (Eucalyptus globulus L.) and cinnamon oil (C. zeylanicum, Blume) improved
fruit quality and reduced fruit decay [12], while cinnamon bark EO reduced both C. acutatum and
B. cinerea penetration, development and number of infected fruits at concentrations above 76.5 μL
L−1 of air [2]. Thyme (T. vulgaris L.) EO had higher antifungal activity and suppressed pathogen
development at concentrations above 15.3 μL L−1 of air. At a higher concentration (153 μL L−1 of air),
thyme EO inhibited C. acutatum development on inoculated fruits [2]. Also, strawberry decay caused
by R. stolonifer and B. cinerea was controlled by volatiles of T. vulgaris [6,28] with both reports showing
differences between thyme genotypes in terms of chemistry and efficacy.

Essential oils have also been tested on grape diseases. In a laboratory study, Walter et al. [26] found
that EOs from clove (S. aromaticum (L.) Merr. & L.M. Perry), thyme, and massoialactone (derived from
the bark of the tree Cryptocarya massoia R.Br.) significantly reduced necrotic lesions on grape leaves
caused by B. cinerea when treated with thyme, and massoialactone. In a separate study, Valero et al. [27]
showed that thymol or eugenol (volatile from clove) reduced the loss of sensory quality and microbial
spoilage of grape in modified atmosphere storage.

Chitosan packages infused with O. vulgare essential oil changed spore and mycelia morphology
and inhibited growth of A. niger, and R. stolonifer spore germination on inoculated grapes in storage [22].
The oils of Z. officinale, O. sanctum and P. persica were also effective in controlling storage rot of grapes
during in vivo trials, with treated grapes showing an improved shelf life for up to 6 days [4].

4.3. Effect of Volatiles and Essential Oils on Fruit Quality

Wang et al. [16] found that treatment with thymol and eugenol extended strawberry shelf life
and increased fruit free radical scavenging capacity, thereby enhancing resistance to spoilage and
deterioration. Essential oil treated fruits were found to have higher amounts of sugars, flavonoids,
anthocyanins, organic acid and phenolic compounds. The increase in phenolic content may have led
to increased oxygen radical absorbance capacity (ORAC) and decreased fruit spoilage in essential oil
treated strawberries [16].

Carvacrol, anethole, and perillaldehyde also enhanced antioxidant activity and increased total
anthocyanins, phenolics and hydroxyl radical (•OH) scavenging capacity in blueberry fruit tissues [25].
Chitosan coating with carvacrol and cinnamaldehyde was also found to maintain blueberry firmness
and effectively extended blueberry shelf life [30].

Similarly, postharvest essential oil treatments (perillaldehyde, linalool, cinnamaldehyde, cinnamic
acid, anethole, and carvacrol) enhanced antioxidant capacity in raspberries with perillaldehyde being
the most effective [29].

Grape berries in a modified atmosphere package with eugenol or thymol had lower weight loss,
lower changes in skin color, reduced ripening, and lower decay throughout storage [27]. Lower weight
loss was also seen in gerbera (Gerbera jamesonii cv. Dune) flowers treated with thymol [45].

Sánchez-González et al. [17] tested chitosan-coated packages of grapes alone or in mixture with
bergamot essential oil and found chitosan mixed with bergamot oil to be the most effective to control
respiration rate, water loss and antimicrobial activity during storage. Chitosan packages infused with
O. vulgare essential oil also preserved the quality, physical, physiochemical and sensory attributes of
grapes in storage [22].

4.4. Mechanism of Fruit Resistance to Fungal Attack Treated by Volatiles and Essential Oils

Plant volatiles play a major role in self-defense. Pe´rez et al. [46] observed that a 25% decrease in
(E)-hex-2-enal content during strawberry development and ripening coincides with activation of latent
infection, and appearance of visible disease symptoms, leading to extensive fruit damage.
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Six and nine-carbon volatiles are produced in plant tissues in response to wounding in LOX
(liposygenase) and HPL (hydroperoxide lyase) pathways. In addition to their role in aroma
biosynthesis, products of LOX and HPL pathways, have antimicrobial and antifungal activities and
may have a role in plant-pathogen interactions. Some have also shown a stimulatory effect on some
pathogenic fungi. In Arabidopsis thaliana, (E)-hex-2-enal activated several self-defense genes (i.e.,
lipoxygenase 2 and allene oxide synthase), lignified leaves and accumulated pathogenesis-related
proteins (i.e., 3 transcripts, and camalexin), which reveals that volatile treatments stimulate a
wound-repair mechanism, and will ultimately act as a physical barrier to the pathogen penetration [47].
Externally applied essential oils improved fruit resistance to fungal attack, mostly due to increased
antiproliferative activity and free radical scavenging capacity in strawberries [16]. This has also been
reported in kiwifruit (Actinidia deliciosa cv. ‘Hayward’) against B. cinerea with the application of grape
(cv. Isabella) volatiles which induced mechanisms of resistance in the host [8].

Since plant volatiles inhibit fungal growth and are produced rapidly through the lipoxygenase
pathway (in response to wounding), more studies are needed to further clarify their role in plant
self-defense systems.

In addition to self-defense and induced resistance, essential oils affect pathogens by contact either
in media or as volatiles in storage. Essential oils also lead to the secretion of cell protoplasts without
previous cell wall disruption, as shown by the presence of chlamydospores and deformation of cell
walls in B. cinerea hyphae treated with grape (cv. Isabella) volatiles [8].

The bioactivity of essential oils in the vapor phase is a very attractive characteristic that makes
them suitable for use as fumigants in small fruits not suited to aqueous sanitation [16]. Easy application
of essential oil vapors during storage makes them more attractive than dipping [48]. Essential oil
application could also limit the spread of pathogens by suppressing spore production or reducing
spore load on surfaces or in storage. However, the role of volatiles in spore germination and pathogen
infectivity needs to be understood in order to develop new techniques for disease control [8].

4.5. Phytotoxicity, Off-Flavor and Off-Odor of Volatiles and Essential Oils on Fresh Produce

Extended exposure to volatiles has resulted in phytotoxicity on strawberry fruits and affected fruit
quality [9]. The phytotoxicity of (E)-hex-2-enal has also been described on pears [49], beans [50],
and sliced apples [51]. Volatiles 2-nonanone, hexan-1-ol and benzaldehyde slightly damaged
strawberry fruit while (Z)-hex-3-en-1-ol and (E)-hex-2-enal caused extensive tissue necrosis [20]. Fallik
et al. [52] reported strawberry weight loss and other side effects by (E)-hex-2-enal. Walter et al. [26]
reported excessive water loss from detached grape branches (in the laboratory, but not in the
field) exposed to thyme and massoialactone, and phytotoxicity on grape flowers in the field. Also,
incorporation of bergamot essential oil in chitosan coating resulted in brown-colored grapes during
storage [17].

In the authors’ preliminary experiments with the application of thymol and carvacrol in air-tight
containers, phytotoxicity was observed as increased mushiness and dullness of strawberry fruits after
24 hours (unpublished data). However, Bhaskara Reddy et al. [6] did not observe any visual phytotoxic
symptoms after 4 days of fruit exposure to T. vulgaris essential oils. Further work is needed to identify
and minimize the cause of adverse effects on fruit quality by volatiles [9].

Very few studies have reported on the sensory characteristics of fruits treated with essential oils.
Neri et al. [47] reported off-odors in peach and nectarine fruits treated with (E)-hex-2-enal described as
a “green” (leafy) and “butyric” aroma. However, off-odors decreased during ripening and nothing
was perceived after ripening. No fruit off-odors were observed in peach and nectarine fruits treated
with carvacrol or citral. Aloui et al. [53] reported complete absence of off-flavors and off-odors in dates
treated with citrus essential oils. Serrano et al. [54] treated cherries with eugenol, thymol or menthol and
reported no sensory effects. However, cherries treated with eucalyptol generated off-flavors. Prasad &
Stadelbacher [55], reported that acetaldehyde treated strawberries did not show any off-flavor at a
concentration of 1%, but showed off-flavor at 4%.
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The reviewed articles suggest that most of the essential oils do not leave off-flavors or off-odors
on intact fruits at the minimum inhibitory concentrations, especially when stored fruits finish their
ripening process. However, there is variation between fruit species and cultivars and each commodity
has to be tested individually. For example, Neri et al. [47], reported that stone fruits were more sensitive
to (E)-hex-2-enal injury than pome fruits and showed off-flavor, probably because they absorb more
(E)-hex-2-enal than pome fruits.

5. Control of Fungal Diseases in the Field

To our knowledge, only one research paper described the application of essential oils in the field.
A single application of thyme oil or massoialactone application on grape bunches and leaves reduced
B. cinerea in the field trial [26]. However, the efficacy of Thyme oil to control bunch rot needs further
field evaluations, as floral tissue browning occurred [26].

6. Conclusions

In this review, the efficacy of essential oils (plant-based multi-compounds) and single compound
volatiles was discussed in in vitro, in vivo (in storage) and in situ (in the field) conditions. Despite
the importance of fresh fruits food safety, there are not many research articles on the effectiveness
of essential oils to control bacteria populations on small fruits, which suggests the need for research
in this area. Many research articles discussed the positive effects of volatiles and essential oils in
in vitro conditions on media-grown fungal populations with a large variation in their efficacy and
their minimum inhibitory concentrations. Most of these variations were related to the vapor pressure
of volatiles.

The efficacy of multi-compound essential oils is even more variable due to genetic variation,
environmental conditions, and synergistic effects of multiple compounds. Major compounds play an
essential role in the antimicrobial activity of essential oils, however, minor compounds in the mixture
may have synergistic effects. Future studies are needed to explain the role of single natural compounds
or their combination in plant-fungal interactions.

(E)-hex-2-enal and hexanal were the most effective volatiles and thyme the most effective essential
oil in controlling fungal diseases of small fruits both in vitro and in storage. Thyme oil has the potential
as a postharvest treatment to extend shelf life of fresh fruits and vegetable and to replace commercial
fungicides or controlled atmosphere storage. However, active packaging and improved formulation
techniques are needed to prolong activity, reduce volatility and improve coverage.

Several researchers have mentioned the toxicity of volatiles and essential oils after extended
exposure. Research is needed to study the effect of volatiles and essential oils on vegetative and
reproductive phases of fungal development, fruit quality (firmness, sensory evaluations), cell wall
structure and integrity and their role in plant self-defense and postharvest storage.

Acknowledgments: We would like to thank our colleague, Laban Rutto for the critical review of this manuscript.
This article is a contribution of the Virginia State University (VSU), Agricultural Research Station (Journal Article
Series Number 353).

References

1. Centers for Disease Control and Prevention (CDC), National Outbreak Reporting System (NORS). Available
online: https://wwwn.cdc.gov/norsdashboard/ (accessed on 4 June 2018).

2. Duduk, N.; Markovic, T.; Vasic, M.; Duduk, B.; Vico, I.; Obradovic, A. Antifungal Activity of Three Essential
Oils against Colletotrichum acutatum, the Causal Agent of Strawberry Anthracnose. J. Essent. Oil Bear. Plant.
2015, 18, 529–537. [CrossRef]

3. Agrios, G.N. Significance of plant diseases; Plant pathology; Academic Press: London, UK, 2000; pp. 25–37.
4. Tripathi, P.; Dubey, N.K.; Shukla, A.K. Use of some essential oils as post-harvest botanical fungicides in the

management of grey mold of grapes caused by Botrytis cinereal. World J. Microbiol. Biotechnol. 2008, 24, 39–46.
[CrossRef]

155



Microorganisms 2018, 6, 104

5. Perdones, A.; Sánchez-Gonzáleza, L.; Chiralt, A.; Vargas, M. Effect of chitosan–lemon essential oil coatings
on storage-keeping quality of strawberry. Postharvest Biol. Technol. 2012, 70, 32–41. [CrossRef]

6. Bhaskara Reddy, M.V.; Angers, P.; Gosselin, A.; Arul, J. Characterization and use of essential oil from Thymus
vulgaris against Botrytis cinerea and Rhizopus stolonifer in strawberry fruits. Phytochemistry 1998, 47, 1515–1520.
[CrossRef]

7. Daferera, D.J.; Ziogas, B.N.; Polissiou, M.G. The effectiveness of plant essential oils on the growth of Botrytis
cinerea, Fusarium sp., and Clavibacter michiganeneis subs. Michiganensis. Crop Prot. 2003, 22, 39–44. [CrossRef]

8. Kulakiotu, E.K.; Thanassoulopoulos, C.C.; Sfakiotakis, E.M. Postharvest biological control of Botrytis cinerea
on kiwifruit by volatiles of ‘Isabella’ grapes. Phytopathology 2004, 94, 1280–1285. [CrossRef] [PubMed]

9. Arroyo, F.T.; Moreno, J.; Daza, P.; Boianova, L.; Romero, F. Antifungal activity of strawberry fruit volatile
compounds against Colletotrichum acutatum. J. Agric. Food Chem. 2007, 55, 5701–5707. [CrossRef] [PubMed]

10. Environmental Working Group (EWG). Dirty Dozen list. Available online: https://www.ewg.org/
foodnews/dirty_dozen_list.php (accessed on 9 March 2018).

11. Research Council; Board of Agriculture. Regulating Pesticides in Food-The Delaney Paradox; National Academy
Press: Washington, DC, USA, 1987.

12. Tzortzakis, N.G. Maintaining postharvest quality of fresh produce with volatile compounds. Innov. Food Sci.
Emerg. Technol. 2007, 8, 111–116. [CrossRef]

13. Tzortzakis, N.G.; Economakis, C.D. Antifungal activity of lemongrass (Cympopogon citratus L.) essential oil
against key postharvest pathogens. Innov. Food Sci. Emerg. Technol. 2007, 8, 253–258. [CrossRef]

14. Almenar, E.; Auras, R.; Rubino, M.; Harte, B. A new technique to prevent the main post harvest diseases in
berries during storage: Inclusion complexes β-cyclodextrin-hexanal. Int. J. Food Microbiol. 2007, 118, 164–172.
[CrossRef] [PubMed]

15. Hamilton-Kemp, T.R.; Archbold, D.D.; Loughrin, J.H.; Andersen, R.A.; McCracken, C.T.; Collins, R.W.
Stimulation and inhibition of fungal pathogens of plants by natural volatile phytochemicals and their
analogs. Curr. Top. Phytochem. 2000, 4, 95–104.

16. Wang, C.Y.; Wang, S.Y.; Yin, J.J.; Parry, J.; Yu, L.L. Enhancing Antioxidant, Antiproliferation, and free radical
scavenging activities in strawberries with essential oils. J. Agric. Food Chem. 2007, 55, 6527–6532. [CrossRef]
[PubMed]

17. Sánchez-González, L.; Pastor, C.; Vargas, M.; Chiralt, A.; González-Martínez, C.; Cháfer, M. Effect of
hydroxypropylmethylcellulose and chitosan coatings with and without bergamot essential oil on quality
and safety of cold-stored grapes. Postharvest Biol. Technol. 2011, 60, 57–63. [CrossRef]

18. Wilson, C.L.; Solar, J.M.; El Ghaouth, A.; Wisniewski, M.E. Rapid evaluation of plant extracts and essential
oils for antifungal activity against Botrytis cinerea. Plant Dis. 1997, 81, 204–210. [CrossRef]

19. Hamilton-Kemp, T.R.; Mccracken, C.T.; Loughrin, J.H.; Andersen, R.A.; Hildebrand, D.F. Effects of some
natural volatile compounds on the pathogenic fungi A. alternata and Botrytis cinereal. J. Chem. Ecol. 1992, 18,
1083–1091. [CrossRef] [PubMed]

20. Vaughn, S.F.; Spencer, G.F.; Shasha, B.S. Volatile compounds from raspberry and strawberry fruit inhibit
postharvest decay fungi. J. Food Sci. 1993, 58, 793–796. [CrossRef]

21. Combrinck, S.; Regniera, T.; Kamatoub, G.P.P. In vitro activity of eighteen essential oils and some major
components against common postharvest fungal pathogens of fruit. Ind. Crop. Prod. 2011, 33, 344–349.
[CrossRef]

22. Santos, N.S.T.; Aguiar, A.J.A.A.; de Oliveira, C.E.V.; de Sales, C.V.; Silva, S.M.; Silva, R.S.; Stamford, T.C.M.;
de Souza, E.L. Efficacy of the application of a coating composed of chitosan and Origanum vulgare L. essential
oil to control Rhizopus stolonifer and Aspergillus niger in grapes (Vitis labrusca L.). Food Microbiol. 2012, 32,
345–353. [CrossRef] [PubMed]

23. Bouchra, C.; Achouri, M.; Hassani, L.M.I.; Hmamouchi, M. Chemical composition and antifungal activity of
essential oils of seven Moroccan Labiate against Botrytis cinerea Pers: Fr. J. Ethnopharmacol. 2003, 89, 165–169.
[CrossRef]

24. Archbold, D.D.; Hamilton-Kemp, T.R.; Barth, M.M.; Langlois, B.E. Identifying Natural Volatile Compounds
That Control Gray Mold (Botrytis cinerea) during Postharvest Storage of Strawberry, Blackberry, and Grape.
J. Agric. Food Chem. 1997, 45, 4032–4037. [CrossRef]

25. Wang, C.Y.; Wang, S.Y.; Chen, C. Increasing antioxidant activity and reducing decay of blueberries by
essential oils. J. Agric. Food. Chem. 2008, 56, 3587–3592. [CrossRef] [PubMed]

156



Microorganisms 2018, 6, 104

26. Walter, M.; Jaspers, M.V.; Eade, K.; Frampton, C.M.; Stewart, A. Control of Botrytis cinerea in grape using
thyme oil. Australas. Plant Pathol. 2001, 30, 21–25.

27. Valero, D.; Valverde, J.M.; Martı´nez-Romero, D.; Guille´n, F.; Castillo, S.; Serrano, M. The combination of
modified atmosphere packaging with eugenol or thymol to maintain quality, safety and functional properties
of table grapes. Postharvest Biol. Technol. 2006, 41, 317–327. [CrossRef]

28. Nabigol, A.; Morshedi, H. Evaluation of the antifungal activity of the Iranian thyme essential oils on the
postharvest pathogens of strawberry fruits. Afr. J. Biotechnol. 2011, 10, 9864–9869.

29. Jin, P.; Wang, S.Y.; Gao, H.; Chen, H.; Zheng, Y.; Wang, C.Y. Effect of cultural system and essential oil
treatment on antioxidant capacity in raspberries. Food Chem. 2012, 132, 399–405. [CrossRef] [PubMed]

30. Sun, X.; Narciso, J.; Wang, Z.; Ference, C.; Bai, J.; Zhou, K. Effects of Chitosan-Essential Oil Coatings on
Safety and Quality of Fresh Blueberries. J. Food Sci. 2014, 79, 955–960. [CrossRef] [PubMed]

31. Calo, J.R.; Crandall, P.G.; Bryan, C.O.; Ricke, S. Essential oils as antimicrobials in food systems—A review.
Food Control. 2015, 54. [CrossRef]

32. Andersen, R.A.; Hamilton-Kemp, T.R.; Hildebrand, D.F.; McCracken, C.T., Jr.; Collins, R.W.; Fleming, P.D.
Structure-antifungal activity relationships among volatile C6 and C9 aliphatic aldehydes, ketones, and
alcohols. J. Agric. Food. Chem. 1994, 42, 1563–1568. [CrossRef]

33. Song, J.; Leepipattanawit, R.; Deng, W.; Beaudry, R.M. Hexanal vapor is a natural metabolizable fungicide:
Inhibition of fungal activity and enhancement of aroma biosynthesis in apple slices. J. Am. Soc. Hortic. Sci.
1996, 121, 937–942.

34. Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—A review.
Food Chem. Taxicol. 2008, 46, 446–475. [CrossRef] [PubMed]

35. Caccioni, D.R.L.; Gardini, F.; Lanciotti, R.; Guerzoni, M.E. Antifungal activity of natural volatile compounds
in relation to their vapor pressure. Sci. Aliments 1997, 17, 21–34.

36. Monzote, L.; Stamberg, W.; Staniek, K.; Gille, L. Toxic effects of carvacrol, caryophyllene oxide, and ascaridole
from essential oil of Chenopodium ambrosioides on mitochondria. Toxicol. Appl. Pharmacol. 2009, 240, 337–347.
[CrossRef] [PubMed]

37. Gardini, F.; Lanciotti, R.; Caccioni, D.R.L.; Guerzoni, M.E. Antifungal activity of hexanal as dependent on its
vapor pressure. J. Agric. Food Chem. 1997, 33, 50–55. [CrossRef]

38. Inouye, S.; Takizawa, T.; Yamaguchi, H. Antibacterial activity of essential oils and their major constituents
against respiratory tract pathogens by gaseous contact. J. Antimicrob. Chemother. 2001, 47, 565–573. [CrossRef]
[PubMed]

39. Chavan, P.S.; Tupe, S.G. Antifungal activity and mechanism of action of carvacrol and thymol against
vineyard and wine spoilage yeasts. Food Control 2014, 46, 115–120. [CrossRef]

40. Sivakumar, P.M.; Kumar, T.M.; Doble, M. Antifungal activity, mechanism and QSAR studies on chalcones.
Chem. Biol. Drug Des. 2009, 74, 68–79. [CrossRef] [PubMed]

41. Rozmer, Z.; Perjési, P. Naturally occurring chalcones and their biological activities. Phytochem. Rev. 2016, 15,
87–120. [CrossRef]

42. Kurita, N.; Miyaji, M.; Kurane, R.; Takahara, Y.; Ichimura, K. Antifungal activity and molecular orbital
energies of aldehyde compounds from oils of higher plants. Agric. Biol. Chem. 1979, 43, 2365–2371.

43. Babu, K.S.; Li, X.C.; Jacob, M.R.; Zhang, Q.; Khan, S.; Ferreia, D.; Clark, A.M. Synthesis, antifungal activity,
and structure-activity relationships of coruscanone A. analogs. J. Med. Chem. 2006, 49, 7877–7886. [CrossRef]
[PubMed]

44. Wedge, D.E.; Galindo, J.C.G.; Macias, F.A. Fungicidal activity of natural and synthetic sesquiterpene lactone
analogs. Phytochemistry 2000, 53, 747–757. [CrossRef]

45. Solgi, M.; Kafi, M.; Taghavi, T.S.; Naderi, R. Essential oils and silver nanoparticles (SNP) as novel agents to
extend vase-life of gerbera (Gerbera jamesonii cv. ‘Dune’) flowers. Postharvest Biol. Technol. 2009, 53, 155–158.
[CrossRef]

46. Pe´rez, A.G.; Sanz, C.; Olias, R.; Olias, J.M. Lipoxygenase and hydroperoxide lyase activities in ripening
strawberry fruits. J. Agric. Food Chem. 1999, 47, 249–253. [CrossRef]

47. Neri, F.; Mari, M.; Brigati, S.; Bertolini, P. Fungicidal activity of plant volatile compounds for controlling
Monilinia laxa in stone fruit. Plant Dis. 2007, 91, 30–35. [CrossRef]

48. Jobling, J. Essential oils: A new idea for postharvest disease control. Good Fruit and Vegetables Magazine 2000,
11, 50. Available online: http://www.postharvest.com.au/gfv_oils.pdf (accessed on 3 October 2018).

157



Microorganisms 2018, 6, 104

49. Neri, F.; Mari, M.; Brigati, S. Control de Penicillium expansum by plant volatile compounds. Plant Pathol. 2006,
55, 100–105. [CrossRef]

50. Croft, K.P.C.; Juttner, F.; Slusarenko, A.J. Volatile products of the lipoxygenase pathway evolved from
Phaseolus Vulgaris (L.) leaves inoculated with Pseudomonas syringae pV phaseolicola. Plant Physiol. 1993, 101,
13–24. [CrossRef] [PubMed]

51. Corbo, M.R.; Lanciotti, R.; Gardini, F.; Sinigaglia, M.; Guerzoni, M.E. Effects of hexanal, trans-2-hexenal and
storage temperature on shelf life of fresh sliced apples. J. Agric. Food Chem. 2000, 48, 2401–2408. [CrossRef]
[PubMed]

52. Fallik, E.; Archbold, D.D.; Hamilton-Kemp, T.R.; Clements, A.M.; Collins, R.W.; Barth, M.M. (E)-2-Hexenal
both stimulates and inhibits Botrytis cinerea growth in vitro and on strawberry fruit in vivo. J. Am. Soc.
Hortic. Sci. 1998, 123, 875–881.

53. Aloui, H.; Khwaldia, K.; Licciardello, F.; Mazzaglia, A.; Muratore, G.; Hamdi, M.; Restucciad, C. Efficacy of
the combined application of chitosan and Locust Bean Gum with different citrus essential oils to control
postharvest spoilage caused by Aspergillus flavus in dates. Int. J. Food Microbiol. 2014, 170, 21–28. [CrossRef]
[PubMed]

54. Serrano, M.; Martinez-Romero, D.; Castillo, S.; Guille, F.; Valero, D. The use of natural antifungal compounds
improves the beneficial effect of MAP in sweet cherry storage. Innov. Food Sci. Emerg. Technol. 2005, 6,
115–123. [CrossRef]

55. Prasad, K.; Stadelbacher, G.J. Effect of acetaldehyde vapor on postharvest decay and market quality of fresh
strawberries. Phytopathology 1974, 64, 948–951. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

158



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Microorganisms Editorial Office
E-mail: microorganisms@mdpi.com

www.mdpi.com/journal/microorganisms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03921-933-9 


	Blank Page

