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Abstract: Foodborne bacterial infections caused by pathogens are a widespread problem in the
Middle East, leading to significant economic losses and negative impacts on public health. This
review aims to offer insights into the recent literature regarding the occurrence of harmful E. coli
bacteria in the food supply of Arab countries. Additionally, it aims to summarize existing information
on health issues and the state of resistance to antibiotics. The reviewed evidence highlights a lack
of a comprehensive understanding of the extent to which harmful E. coli genes are present in the
food supply of Arab countries. Efforts to identify the source of harmful E. coli in the Arab world
through molecular characterization are limited. The Gulf Cooperation Council (GCC) countries
have conducted few surveys specifically targeting harmful E. coli in the food supply. Despite having
qualitative data that indicate the presence or absence of harmful E. coli, there is a noticeable absence of
quantitative data regarding the actual numbers of harmful E. coli in chicken meat supplies across all
Arab countries. While reports about harmful E. coli in animal-derived foods are common, especially
in North African Arab countries, the literature emphasized in this review underscores the ongoing
challenge that harmful E. coli pose to food safety and public health in Arab countries.

Keywords: pathogenic E. coli; food safety; foodborne infection; middle east; zoonoses; one health

1. Introduction

Foodborne pathogens continue to pose a significant challenge to both food safety and
global trade [1]. Recent times have seen a noticeable increase in the occurrence of harmful
E. coli strains in the United States of America (USA) [2]. The Centre for Disease Control
(CDC) has reported a consistent rise in the number of hospitalizations linked to foodborne
illnesses in the USA [3]. In Europe, foodborne infections have emerged as a prominent
public health concern [4]. Reports from the European Food Safety Authority (EFSA) and the
European Centre for Disease Prevention and Control (ECDC) have designated Salmonella,
Campylobacter, Listeria, and Shiga toxin-producing E. coli as high-priority pathogens at the
European Union (EU) level [5]. The World Health Organization (WHO) [6] has reported
that the Middle East and North Africa (MENA) region ranks as the third highest in terms
of the burden of foodborne diseases per population, following closely behind the Southeast
Asian and African regions. The WHO report also indicates that approximately 70% of
foodborne diseases in the Middle East and North Africa region are attributed to E. coli,
Campylobacter, non-typhoidal Salmonella (NTS), and Norovirus, underscoring the significant
threat posed by these disease-causing agents [6]. Accurately assessing the true prevalence
of foodborne infections in the Middle East is a complex task due to limited epidemiolog-
ical surveillance efforts aimed at identifying individual cases and outbreaks, as well as
providing isolates suitable for determining sources and estimating risks at both national
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and regional levels [7,8]. Moreover, comprehensive data on the extent of antimicrobial
resistance in foodborne bacteria responsible for infections in the Middle East region are
lacking. While some reports hint at various trends in the relationship between human
health and food, a complete understanding of this aspect remains elusive [1,9].

This review offers an updated analysis of the epidemiology of common pathogenic
E. coli groups that are responsible for causing foodborne illnesses, both in the Arab world
and worldwide. The methodology used in this review is a descriptive approach, which
involves systematically identifying, evaluating, and compiling a body of literature related
to a specific research question. The goal is to identify noticeable patterns or trends related to
the research inquiry. Essentially, the descriptive study serves as a crucial part of the analysis,
using the collective published information as a comprehensive dataset to draw overarching
conclusions regarding the research question [8]. Researchers conducting descriptive review
studies extract relevant details from each study, including research methods, publication
dates, research findings, and data collection techniques (such as positive, negative, or
inconclusive results). These details are then subjected to a recurrence analysis to generate
quantitative findings [9]. In conducting this review, various databases, including PubMed,
Scopus, Science Direct, Google Scholar, and Web of Science, were employed to gather
available research materials on foodborne infections across a wide range of food types in
the Arab world over the past two decades. Additionally, efforts were made to identify
relevant resources, such as national reports that provide insights into the presence of
pathogenic E. coli in the food supply chain within the region.

The Arab world encompasses 22 countries situated in the Middle East and North
Africa (MENA) region. These countries include Algeria, Saudi Arabia, Sudan, Iraq, Bahrain,
Comoros, Djibouti, Egypt, Jordan, Kuwait, the United Arab Emirates, Lebanon, Libya,
Mauritania, Morocco, Oman, Palestine, Qatar, Somalia, Syria, Tunisia, and Yemen. Ge-
ographically, this region stretches from the Zagros Mountains in Southwest Asia to the
Atlantic Ocean, covering a total land area of 14,291,469 square kilometers, which accounts
for approximately 10.2% of the world’s total landmass. Within this area, 27.5% is located
in Asia, while the remaining 72.5% is in Africa. The region is primarily characterized by
dry sub-humid, arid, and semiarid zones, with approximately 90% of the Arab region
having limited water resources and arable land, which contributes to its unique ecological
profile [10].

In this descriptive review, we aim to elucidate (i) background knowledge and
(ii) recent updates, based on published research in the past twenty years, on the prevalence
of the concerned pathogenic E. coli groups in the food chain in the Arab countries (iii) and
the status of antimicrobial resistance (AMR).

Escherichia coli is a rod-shaped bacterium with a Gram-negative cell wall structure
with dimensions ranging from 1.1 to 1.5 μm in width and 2.0 to 6.0 μm in length; it is
a facultative anaerobe that swiftly colonizes the gastrointestinal tracts of both humans
and animals shortly after birth, benefiting both the host and bacterium. It belongs to the
family Enterobacteriaceae and falls under the Escherichia genus. When grown under aerobic
conditions at a temperature of 37 ◦C, it exhibits robust growth on both general and selective
agar media. This growth results in the formation of distinct round colonies that produce
indole [11]. E. coli is typically oxidase-negative, catalase-positive, capable of reducing
nitrate to nitrite, shows motility, lacks acid-fast properties, and does not form spores. The
identification of specific strains of E. coli has traditionally relied on serotyping, a method
that involves characterizing the presence of O (somatic), H (flagellar), K (capsular), and F
(fimbriae) antigens [12].

In the late 19th century, pediatrician Theodore Escherich discovered E. coli and initially
referred to it as normal intestinal flora, naming it “Bacterium coli commune”. Later, it was
officially renamed E. coli [13]. This bacterium belongs to the Enterobacteriaceae family and
exhibits facultative anaerobic characteristics. E. coli can be motile, often utilizing flagella, but
can also be non-motile, and it can thrive in both aerobic and anaerobic environments [14].
Escherichia coli is one of the most frequently encountered bacteria in clinical samples [15].
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In healthy hosts, most E. coli strains are non-pathogenic and contribute significantly to
the commensal population residing in the host’s intestinal tract, primarily within the
mucosal layer of the colon [13]. However, E. coli can become pathogenic under certain
circumstances, such as when the host’s immune system is suppressed. Some strains are
inherently pathogenic and can cause gastrointestinal and urinary tract infections [16].
Escherichia coli can endure for extended periods in environmental settings like soil and
water [17]. The presence of E. coli in food or water can signal inadequate cleaning and
careless handling, or it may suggest the potential presence of enteric pathogens [18].
Based on genetic and clinical criteria, E. coli can be broadly classified into three major
groups: commensal E. coli, intestinal pathogenic (diarrheagenic) E. coli, and extraintestinal
pathogenic E. coli (ExPEC). Additionally, various molecular typing techniques, including
PCR (polymerase chain reaction) and PFGE (pulsed-field gel electrophoresis), can be
employed to differentiate between E. coli strains.

The polymerase chain reaction (PCR) has become a cornerstone technique in molecular
biology and microbiology for its ability to selectively amplify specific DNA sequences. It is
extensively utilized in the detection of genes and their variants within various organisms,
including E. coli. However, the absence of a PCR signal for a particular gene of interest in
E. coli isolates can pose challenges and uncertainties. It is crucial to explore the reasons
behind such failures and consider the implications they may have on research outcomes
and interpretations.

Most E. coli found in the environment are non-pathogenic; however, some groups
are pathogenic [19,20]. Generally, pathogenic E. coli is broadly classified into two major
categories: diarrheagenic E. coli and extraintestinal pathogenic E. coli. The intestinal or
diarrheagenic pathogenic strains of E. coli are rarely found among the intestinal flora of
healthy mammals [18,21]. Based on the virulence factors, six different pathogenic classes of
intestinal pathogenic E. coli have been identified, namely, enterotoxigenic E. coli (ETEC),
enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC)/Shiga toxin-producing
E. coli (STEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and diffusely
adherent E. coli (DAEC) [13,22]. Extraintestinal pathogenic E. coli is phylogenetically and
epidemiologically different from diarrheagenic E. coli. They could inhabit a range of anatom-
ical locations and cause various infections outside the gastrointestinal tract, among which
urinary tract infections are the most common [22]. The E. coli strains causing extraintestinal
infections have been collectively called extraintestinal pathogenic E. coli (ExPEC), which
includes two major pathotypes: uropathogenic E. coli (UPEC) and neonatal meningitis E.
coli (NMEC). Several strains of E. coli can cause disease in the GIT by toxin production,
which includes enterohemorrhagic, enterotoxigenic, enteroinvasive, and enteroaggregative
E. coli [23,24]. In developing countries, ETEC is the causative agent of travelers’ diarrhea
(watery diarrhea without fever). In humans, EIEC is the causative agent of the invasive,
dysenteric form of diarrhea because of its ability to invade the colonic mucosa. EHEC
produces Vero or Shiga toxins and is the causative agent of hemorrhagic colitis and bloody
diarrhea [25,26].

2. Epidemiology of Pathogenic E. coli Groups

2.1. Epidemiology of Enteropathogenic E. coli (EPEC)

Typical enteropathogenic E. coli (EPEC) strains are a leading cause of infantile diarrhea
in developing countries, whereas they are rare in industrialized countries, where atypical
EPEC seems to be a more important cause of diarrhea [27,28]. Also, they are among
the most important food-borne pathogens worldwide [29]. EPEC infection results in an
excessive loss of water and electrolytes from the body, leading to dehydration and death.
However, the underlying molecular mechanisms are not completely understood. EPEC
has been reported to disrupt the ion transporters and channels as well as tight junctions in
the intestinal epithelial cells leading to the rapid onset of diarrhea. EPEC directly injects
virulence factors into the host cells that target multiple signaling pathways of which some
have been linked to tight junction disruption [28].
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Atypical EPEC strains were obtained from chicken suggesting that it could be a reser-
voir of these bacteria [29,30]. Their presence in chicken products is evidence that contamina-
tion can occur during the slaughtering and manufacturing processes, thereby representing
a risk for humans. These results highlight the need for more molecular characterization
studies to detect the EPEC genotypes and compare them with human diarrhea.

EPEC harbors the eaeA gene for attaching and effacing or causing A/E lesions on
intestinal cells, do not possess the Shiga toxin gene, but may possess other genes such as
bundle-forming pili (bfpA), the intimate adhesin intimin gene. Typical EPEC is eaeA-positive
and bfpA-positive (humans are the reservoirs), while atypical EPEC is only eaeA-positive
(both humans and animals can be reservoirs).

In Algeria, Ferhat et al. [31,32] successfully isolated the eaeA gene from E. coli isolates
obtained from ovine carcasses in slaughterhouses located in the city of Algiers. Similarly,
Chahed et al. [33] and Mohamed et al. [34] also managed to isolate the eaeA gene, but this
time from bovine carcasses in Algiers slaughterhouses. Furthermore, Dib et al. [35] made a
significant discovery, detecting a notable prevalence of the eaeA gene in sardines (14.3%,
n = 32 E. coli isolates) and shrimps (33.3%, n = 66 E. coli isolates). These findings raise
awareness about the potential role of sardines and shrimp in the dissemination of the eaeA
gene within the Algerian context. Interestingly, studies focused on chicken meat in Algeria,
such as those conducted by Benameur et al. [36] and Laarem et al. [37], did not find any
presence of the eaeA gene. These results collectively provide compelling evidence for the
contamination of widely consumed bovine and ovine carcasses, as well as fish and seafood
(specifically sardines and red shrimp), with EPEC in Algeria.

In Egypt, several studies have shed light on the role of fresh fish as a potential source
of the eaeA gene. For example, Galal et al. [38] conducted research in Kafr El-Shikh and
identified the eaeA gene in 57.1% of 45 E. coli isolates obtained from fish samples. Similarly,
Saqr et al. [39] found the gene in 83.3% of 6 E. coli isolates obtained from Nile tilapia. Fresh
beef meat has also been implicated as a source of the eaeA gene, with Merwad et al. [40]
and Mohammed et al. [41] reporting its presence in 18% (n = 27) and 20.7% (n = 87) of their
respective E. coli isolates samples. Additionally, Merwad [40] detected the eaeA gene at a
rate of 19.1% out of 120 E. coli isolates obtained from raw milk samples. The use of poultry
waste, sewage, and cow dung as fertilizers for fishponds has been identified as a hazardous
source of contamination for water and fish. This contamination poses a direct threat to
public health. Detecting EPEC in E. coli isolated from fish samples highlights potential
risks, as these bacteria are known to cause food poisoning and hemorrhagic enterocolitis in
humans who consume improperly processed fish. It is important to note that not all food
sources have been found to carry the eaeA gene. Hamed et al. [42] were unable to identify
the presence of the gene in E. coli strains obtained from luncheon and sausage. Similarly,
Sahar et al. [43] did not discover the eaeA gene in E. coli strains collected from a wide range
of sources, including minced meat, steaks, sausage, kofta, burgers, luncheon, liver, chicken
livers, lambs, oysters, calamari, bivalves, raw milk, yogurt, and cheese.

In the city of Duhok, Iraq, a study conducted by Taha and Yassin [44] examined
various food samples. Out of 120 beef carcass samples, eight isolates tested positive for
the presence of the eaeA gene. Similarly, from 120 imported chicken carcass samples, two
isolates were found to carry the eaeA gene. These findings suggest that beef carcasses
and imported chicken carcasses could potentially serve as sources for the eaeA gene in
this region. However, the study did not detect the eaeA gene on fish surfaces or in E. coli
isolated from samples of imported and local raw burgers, local raw ground meat, and local
raw milk. These results indicate the absence of the eaeA gene in these specific food items.
The implications of this study point to beef carcasses and imported chicken carcasses as
potential contributors to the dissemination of the eaeA gene in the studied area.

In Jordan, a study conducted by Swedan and Alrub [45] revealed the presence of the
eaeA gene in 2.8% of 109 isolates obtained from different drinking water sources within
Amman city. Additionally, Tarawneh et al. [46] detected the eaeA gene in 6% of 50 isolates
collected from six slaughterhouses situated in the southern region of Jordan. The detection
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of the eaeA gene within E. coli strains from water sources suggests a potential mechanism
for the dissemination of virulence genes among various animal species in the environment.
This finding underscores the importance of understanding and monitoring the presence of
such genes in water sources, as they can contribute to the transmission of virulence factors
and impact both animal and public health. Continued research in this area is crucial to
comprehending the dynamics of gene spread and potential health risks associated with
contaminated water sources in Jordan.

In Lebanon, certain widely consumed dairy products have been identified as potential
sources of public health risks due to their role in transmitting the eaeA gene. Saleh et al. [47]
conducted a study in which they isolated E. coli bacteria from a total of 340 dairy products,
including Shankleesh, Kishk, and Baladi. The eaeA gene was found to be present in 102 E.
coli isolated obtained from these products. Specifically, the eaeA gene was detected in E.
coli isolated from Kishk and Baladi at rates of 13.5% and 2.7%, respectively. These findings
underscore the importance of monitoring and addressing potential contamination of dairy
products with pathogenic genes such as eaeA. The presence of this gene in certain dairy
items highlights the need for robust quality control measures and strict hygiene practices
within the dairy production and processing industry. These measures are essential to
ensure the safety of these products and protect public health.

In Morocco, the presence of the eaeA gene has been identified in various food products,
including ground beef, sausage, and turkey. Badri et al. [48] reported that 12.5%, 2.8%, and
2.8% of E. coli isolates from 140 ground beef samples, 200 turkey samples, and 120 sausage
samples, respectively, tested positive for the eaeA gene. The authors emphasized the
importance of gaining a better understanding of the molecular characteristics of potentially
eaeA-positive E. coli strains and their role in causing diseases. This understanding is crucial
for assessing the pathogenic potential of these strains in human patients.

In Libya, a study conducted by Garbaj et al. [49] identified the presence of the eaeA
gene in raw cow milk and raw camel milk, but notably, it was not detected in raw goat
milk. These findings highlight the importance of improving and implementing rigorous
hygienic practices within the dairy production sector. The authors of the study strongly
recommended the adoption and application of Libyan standards for dairy products. This is
essential to ensure effective monitoring throughout the entire dairy production process,
from the farm to the point of delivery to consumers.

In Palestine, a study conducted by Adwan et al. [50] reported the absence of the eaeA
gene in E. coli isolated from beef, chicken meat, and turkey samples obtained from the Jenin
district. This absence of the gene in these meat products suggests a lower risk of contamina-
tion with EPEC carrying the eaeA gene in this specific area during the time of the study. It
is important to note that the absence of the gene in these isolates contributes to our under-
standing of the safety of these meat products in the region. However, food safety standards
and monitoring should still be maintained to ensure ongoing consumer protection.

In Khartoum, Sudan, a study conducted by Adam [51] did not detect the presence of
the eaeA gene in E. coli isolated from drinking water samples. However, it is important
to note that water quality can vary over time and across different sources, so continued
monitoring of water sources is essential to ensure the safety of drinking water for the
population. While the study did not find the eaeA gene in the E. coli isolates obtained from
samples, maintaining high standards of water treatment and hygiene practices is crucial
for public health.

In Qatar, a comprehensive survey conducted by Johar et al. [52] uncovered a high
prevalence of the eaeA gene in E. coli O157:H7 isolated from beef, mutton, and chicken.
These findings emphasize the substantial presence of the eaeA gene in these food sources,
which raises concerns about its potential transmission to humans through contaminated
food. This underscores the importance of implementing specialized monitoring programs
to detect and control the presence of the eaeA gene in food production processes in Qatar.

In Saudi Arabia, a study by Al-Zogibi et al. [53] reported that the primary sources of
the eaeA gene were milk and raw meat. They isolated E. coli from milk, finding it in 15.9% of
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540 samples, and detected the eaeA gene in 44.2% of the E. coli isolates from milk. Similarly,
E. coli was isolated from raw meat, present in 11.3% of 150 samples, and the eaeA gene
was detected in 58.8% of the E. coli isolates from raw meat. However, it is worth noting
that other studies conducted by Hessain et al. [54] and Abu-Duhier [55] did not detect the
eaeA gene in E. coli isolated from beef meats, chicken meats, fresh vegetables, and fruits.
These variations in findings could be due to differences in the samples tested, the sampling
methods, or regional factors. While the eaeA gene was not found in E. coli isolated from
these specific samples in the studies mentioned, ongoing monitoring and adherence to food
safety practices are essential to ensure consumer protection and the safety of food products
in Saudi Arabia.

In the United Arab Emirates, the eaeA gene was reported in E. coli O157 isolated
from camel meat, goat meat, cattle meat, and sheep meat obtained from slaughterhouses.
This finding indicates the presence of the eaeA gene in E. coli isolated from animals being
processed for meat production. This raises concerns about the potential contamination of
meat products intended for human consumption [56] (Table 1).

These studies underscore the importance of continued surveillance and the imple-
mentation of hygiene measures in the handling and processing of these meats to mitigate
potential risks to public health.

2.2. Epidemiology of Enteroinvasive E. coli (EIEC)

Enteroinvasive E. coli (EIEC) infections in humans appear to be primarily sourced
from infected individuals, as no animal reservoirs have been identified. The main mode of
transmission is through the oral–fecal route. While EIEC infections can be found world-
wide, they are particularly prevalent in low-income countries where poor general hygiene
facilitates their spread. The incidence of Enteroinvasive E. coli varies by region [57], and
there may be discrepancies in some reports, likely due to the challenge of distinguishing
between Shigella and EIEC. In certain countries in Latin America and Asia, such as Chile,
Thailand, India, and Brazil, EIEC is frequently identified as a causative agent of diarrhea,
with frequent reports of asymptomatic individuals excreting the pathogen. In industrialized
countries, EIEC infections are often linked to travel, reported mainly in returning travelers
from high-incidence countries. Occasionally, food and water sources have been identified
as vehicles of infection, but this is typically traced back to secondary contamination from a
human source [58].

Enteroinvasive E. coli carrying the ial gene can cause sporadic infections but have also
been implicated in outbreaks, sometimes affecting a significant number of individuals. In
the 1970s, a major outbreak occurred in the United States, impacting 387 patients, and was
linked to cheese contaminated with an O124 E. coli strain [59]. Europe has also observed
an increase in the number of infection cases associated with an emerging EIEC clone. In
2012, Italy reported a large and severe outbreak of bloody diarrhea involving more than
100 individuals [60,61]. During this outbreak, an EIEC O96:H19 strain, a serotype never
previously described for EIEC, was isolated, and the suspected source of infection was
traced back to cooked vegetables [60]. In the course of the outbreak investigation, an EIEC
O96:H19 strain was also found in two asymptomatic food handlers working in the canteen
linked to the outbreak. This supported the hypothesis of secondary contamination of the
vegetables during post-cooking handling procedures [60]. In 2014, the United Kingdom
experienced two interconnected outbreaks of gastrointestinal diseases, affecting more than
100 cases. One of these episodes was associated with the consumption of contaminated
salad vegetables, and once again, an O96:H19 EIEC strain was isolated from some of the
patients and from vegetable samples [62].

In Arab countries, the presence of the ial gene has been a subject of investigation in
numerous studies [41,48].

In Egypt, Mohammed et al. [41] detected the ial gene in only two E. coli O157:H7/H-
isolates obtained from beef meat products in Mansoura city. Their study brought attention
to the contamination of meat products, especially beef burgers, with various non-O157 STEC
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and EIEC serotypes. This contamination raised significant concerns regarding potential
health risks for consumers of these products.

In Morocco, a comprehensive study conducted by Badri et al. [48] found no detection
of the ial gene in E. coli isolates from ground beef (n = 140), sausage (n = 120), turkey
(n = 200), and well water (n = 50) (Table 1).

Nevertheless, despite these findings, additional research is warranted to gain a deeper
understanding of the prevalence and significance of the ial gene markers in E. coli strains
found in food throughout Arab countries. Such research efforts would contribute to a more
comprehensive understanding of the potential implications of the ial gene in public health
within the region.

2.3. Epidemiology of Enterotoxigenic E. coli (ETEC)

Enterotoxigenic E. coli (ETEC) is a major contributor to the global health burden, re-
sponsible for an estimated 400 million cases of diarrhea and nearly 400,000 deaths annually
among children under 5 years of age in low and middle-income countries [3]. It is also
a prevalent cause of travelers’ diarrhea. ETEC is characterized by its ability to produce
specific toxins, including heat-labile toxin (LT) and heat-stable toxin (ST), which further
comprise two subtypes: STh and STp. ETEC infections are linked to the presence of genes
encoding these toxins, namely elt (encoding LT), esth (encoding STh), and estp (encoding
STp) [63]. These toxins play a crucial role in causing the diarrheal symptoms and gas-
trointestinal distress observed in infected individuals. Importantly, ETEC strains can be
distinguished by their production of either LT, ST, or both, as well as the specific combi-
nation of toxin genes they carry. Additionally, ETEC strains utilize various colonization
factors to adhere to the intestinal lining, facilitating the establishment of infection. These
factors enhance the bacteria’s ability to colonize and thrive within the host. To date, re-
searchers have identified at least 25 distinct colonization factors associated with human
ETEC strains, as detailed in a study by Von Mentzer et al. [64]. Understanding the genetic
and molecular factors contributing to ETEC infections is of paramount importance for the
development of effective preventive measures. This includes the development of vaccines
and the promotion of improved hygiene practices, with the aim of reducing the substantial
disease burden caused by ETEC in vulnerable populations.

In Arabic countries, the elt, esth, and estp genes were detected in E. coli strains from
food samples, specifically in the city of Duhok, Iraq. These E. coli strains were isolated
from various sources, including beef carcasses (50/20, 41.6%), imported chicken carcasses
(52/120, 43.3%), fish surfaces (47/120, 39.1%), imported and local raw burgers (45/120,
37.5%), and local raw ground meat (46/120, 38.3%). The presence of these genes was
detected at rates of 34.6%, 91.3%, 100%, 71.4%, and 100%, respectively [44]. This study
revealed a high level of food items contaminated with ETEC in the specified area. The
authors attributed this high contamination rate to poor hygienic conditions during the
slaughtering process, suboptimal food management and storage practices at retail shops,
or potential cross-contamination occurring during these processes. Such contamination
poses significant community health hazards to the local population and travelers in the
region. Therefore, the authors strongly recommend the implementation of strict hygienic
practices throughout all stages of food production, handling, and storage to reduce the
risk of contamination and subsequent outbreaks of diarrhea. These data provide valuable
baseline information for the ongoing monitoring and assessment of ETEC in food products
across Arab countries, ultimately contributing to improved food safety and public health
in the region (Table 1).

Indeed, various studies have detected the elt gene in beef products in different Arabic
countries, including Algeria [34] and Egypt [41]. These findings suggest the potential
presence of ETEC in beef products in these countries. However, it is worth noting that in
some other Arabic countries, there is a lack of published data on the prevalence of ETEC
strains carrying the elt, esth, and estp genes in beef products. This underscores the need
for further research and surveillance in these regions to better understand the extent of
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ETEC contamination in various food sources and to implement measures to ensure food
safety and public health. Such studies can contribute to a more comprehensive assessment
of the situation and help develop strategies for preventing ETEC-related health risks in
these areas.

2.4. Epidemiology of Enterohemorrhagic E. coli (EHEC)

Enterohemorrhagic E. coli (EHEC) carrying the stx1, stx2, eaeA genes, or Hemolysin
(hlyA) is a subset of pathogenic E. coli capable of causing diarrhea or hemorrhagic colitis
in humans [65]. In some cases, hemorrhagic colitis can progress to hemolytic uremic
syndrome (HUS) [66], a condition that can lead to acute renal failure in children and result
in significant morbidity and mortality in adults [67]. While this has been recognized as a
cause of these syndromes since the 1980s, clinical cases and outbreaks attributed to other
EHEC serogroups are increasingly being identified [68]. In certain regions, non-O157 EHEC
strains may account for a higher number of cases than EHEC O157:H7. What all E. coli
strains associated with HUS appear to share is the capacity to produce verotoxins and
the ability to adhere to and colonize the human intestines. Since verotoxin genes can be
transferred between bacteria, it is possible that additional E. coli pathotypes linked to HUS
could be discovered in the future [69]. According to Yamasaki et al. [70], in Japan, the
quantitative detection of shiga toxins directly from stool specimens of patients played a
crucial role in identifying an outbreak of EHEC.

The detection of stx1, stx2, and eaeA genes in food samples in various Arabic countries
suggests the potential presence of EHEC capable of causing severe health problems. Nu-
merous studies have underscored the presence of EHEC in food products across different
regions of the Arab world. Mohammed et al. [41] identified EHEC in ground beef in
the city of Mansoura, Egypt, with the presence of EHEC-like strains (eaeA + stx1 or stx2).
Mohammed et al. [71] detected EHEC in beef products (9.4% of E. coli isolates) in Egypt.
Merwad et al. [40] found EHEC (5%) in cow milk samples in Egypt. In Iraq, Taha and
Yassin [44] discovered EHEC in 30.7% of E. coli isolated from 120 beef carcasses. Klaif
et al. [72] detected EHEC in camel meat samples from Iraq (45% of E. coli isolates). Saleh
et al. [47] identified EHEC in dairy products (Kishk and Baladi) in Lebanon at 8.1% and
5.4%, respectively. In Libya, EHEC was detected in E. coli O157 from milk and dairy product
samples (25%) [49]. In Saudi Arabia, Hessain et al. [54] detected EHEC in raw beef, raw
mutton, and raw chicken samples (1%, 2.5%, and 2.5%, respectively). Collectively, these
studies reveal a significant contamination of various meat and dairy products with EHEC
strains in Arabic countries. The presence of EHEC in these food items underscores a poten-
tial health risk for consumers. Consumption of such products can lead to gastrointestinal
issues and, in severe cases, conditions like HUS. To mitigate the risk of EHEC contamination
and related health hazards, it is essential to ensure strict hygiene practices throughout the
entire food production, handling, and distribution processes (Table 1).

2.5. Epidemiology of Shiga Toxin-Producing E. coli (STEC)

Shiga toxin-producing E. coli (STEC) carrying Stx1 and Stx2 are significant pathogens
with global implications, known for their association with various human illnesses. These
illnesses include diarrhea, bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syn-
drome (HUS) [73]. Ruminants, particularly cattle, are recognized as the primary reservoir
for STEC, and it can spread to humans through contaminated food and water sources [74].
The severity of STEC infections is influenced by a wide array of virulence factors. One of
the key virulence factors is Shiga toxin, which plays a pivotal role in the development of
severe symptoms like HUS. Shiga toxin can be categorized into two primary types: Shiga
toxin 1 (stx1) and Shiga toxin 2 (stx2) [73]. These toxins are central to the pathogenicity of
STEC and the associated illnesses in humans.

In Algeria, although limited data are available regarding STEC isolated from food
sources, several studies have provided valuable insights into the presence and character-
istics of STEC strains in different food products. Salih et al. [75] detected a single STEC
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isolate from frozen bovine meat in Algeria. Dib et al. [35] identified STEC strains in seafood,
including three from sardines and three from shrimps. Ferhat et al. [31] conducted a study
involving 116 sheep carcasses in an Algiers slaughterhouse. Among the E. coli strains
isolated from these carcasses, five strains (17.2%) were classified as STEC (Table 1). While
the available data are limited, these studies suggest the presence of STEC strains in various
food products in Algeria. The detection of STEC in frozen bovine meat, seafood, and sheep
carcasses highlights the importance of monitoring and understanding the prevalence of
these pathogens in the food supply chain. Continuous research and surveillance efforts
are crucial to assess the potential risks associated with STEC contamination in Algerian
food sources and to implement appropriate measures to ensure food safety and protect
public health.

2.6. Epidemiology of Enteroaggregative E. coli (EAEC)

Enteroaggregative E. coli (EAEC) infections have been increasingly recognized as
important enteropathogens since their initial discovery by patterns of adherence to HEp-2
cells in E. coli isolates from Chilean children with diarrhea [76]. EAEC have since been
associated with foodborne outbreaks of diarrhea [77], traveler’s diarrhea [78], diarrhea in
adults with HIV infection [79], and endemic diarrhea in cities in the USA [80]. A meta-
analysis of 41 studies found EAEC to be significantly associated with acute diarrheal
illness among both children and adults in developing regions [80]. However, because
EAEC are also a highly common infection among children without overt diarrhea in
low-resource settings, they have not been found to be a major cause of diarrhea in some
endemic settings [81]. Regardless, EAEC, independent of diarrheal symptoms, have been
associated with other poor health outcomes in children, such as growth failure [82] and
mild-to-moderate intestinal inflammation [76].

Table 1. The occurrence of virulence E. coli genes in foods in Arab countries.

Country
Tested Food Samples

(Total Number)
% of E. coli-Positive Samples

or Isolates No.

Virulence Genes (%) (Out of Total
Number)

of E. coli-Positive Samples
References

Algeria Sheep carcasses (n = 363) ND eaeA (9.92) [31]

Bovine carcasses (n = 230) 66 eaeA (21.2); stx1 (10.6); stx2 (12.1); eaeA,
stx (4.5) [33]

Sardines (n = 100) 32 eaeA (14.3); eae, stx1 (14.3); stx2 (42.9);
stx1, stx2 (14.3) [35]

Shrimps (n = 50) 66 eaeA (33.3); stx1, stx2 (16.7); stx2 (16.7)

Chicken samples (n = 32) 56.3 stx2 (5.6); eaeA (0); rfbE (0); fliC (0) [36]

Retail chicken meat (n = 33) 87.8 stx1 (6.9); stx2 (3.4); ehxA (3.4) [37]

Frozen beef liver (n = ND) 92 isolates
iss (85.9); hylF (82.6); ompT (80.4); iroN
(87); fimC (70.7); iutA (90.2); elt (5.4); stx

(2.2); ipaH (2.2); eaeA (0); aggR (0)
[34]

Chicken samples (n = ND) 17 isolates iss (82.4); hlyF (52.9) ompT (76.5); iroN
(52.9); iutA (52.9); fimC (88.2) [83]

Frozen bovine meat (n = 756) Five E. coli O157:H7 isolates stx1 (20); stx2 (100); eae (80); ehxA (100) [75]

Ovine carcasses (n = 151) 13 E. coli O157:H7 isolates eae (69.2); stx1 (7.7); stx2 (76.9) [32]
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Table 1. Cont.

Country
Tested Food Samples

(Total Number)
% of E. coli-Positive Samples

or Isolates No.

Virulence Genes (%) (Out of Total
Number)

of E. coli-Positive Samples
References

Egypt Fresh fishes (n = 45) 15.6
eaeA (57.1); stx1 (42.9); stx2 (0);

hylaA (57.1);
sta (57.1); Stb (42.8)

[38]

Drinking water (n = 46) 91 stx1 (24.4); stx2 (2.4); eae (0); hly (4.8);
fliCh7 (0) [84]

Freshwater canal (n = ND) 49 isolates eae (2); stx1 (2); stx2 (0); hlyA (0); hly (0)

Broiler meats (n = ND) 11 isolates iroN (90.9); ompA (81.8); iss (100); tsh
(81.8); papC (81.8) [85]

Karish cheese (n = 55) 74.5

stx (2.3);
eaeA (0); astA (4.5); ehaA (34.8); lpfA
(33.7); (3.4); iha (2.3); hlyA (0); cdt

cnf (0)
[86]

Ras cheese (n = 60) 21.7

stx (0);
eaeA (0); astA (9.1); ehaA (36.4); lpfA

(45.5); (0); iha (0); hlyA (4.6); cdt
cnf (4.6)

Raw milk (n = 120) 19.1 stx1(21.7); stx2 (34.8); eaeA (17.3);
ehxA (17.3) [40]

Fresh beef (n = 27) 100 eae (18); ipaH (18); stx1 (18); stx2 (10)
[41]

Beef meat products (n = 218) 18.3 eae (30); ipaH (18); stx1(18); stx2 (18);
eltB (8); estA (8); ial (2)

Nile tilapia (Oreochromis
niloticus) (n = ND) Six isolates eaeA (83.3); stx2 (50); aadA2 (50) [39]

Minced meat (n = 50) Eight eaeA (12.5); stx1 (25); stx2 (12.5)

[42]

Luncheon (n = 50) Four eaeA (0); stx1 (0); stx2 (0)

Beef burgers (n = 50) Two eaeA (100); stx1 (0); stx2 (0)

Sausage (n = 50) 10 eaeA (0); stx1 (20); stx2 (0)

Karish cheese (n = 60) 3.3 eaeA (50); stx1 (0); stx2 (50)

Raw bovine milk (n = 121) 13.2 stx1 (12.5); stx2 (18.8); Sta (12.5); lt (0) [87]

Meat products (n = 100) 32 lt (15.6); eae (12.5); stx1 (6.3); stx2 (9.4);
bfpA (3.1); ipaH (3.1) [71]

Drinking water (n = 300) 5.3 lt (25); st (12.5); stx1 (18.8); stx2 (6.3);
eaeA (31.3) [88]

Raw beef (n = 100) ND stx1 (6); stx2 (6)
[89]

Raw milk (n = 100) ND stx1 (7); stx2 (7)

Sausages (n = 8) 25 eae (0); stx1 (50); stx2 (0); hlyA (50);
hly (0)

[43]

Kofta (n = 6) 33.3 eae (0); stx1 (50); stx2 (50) hlyA (50);
hly (0)

Luncheon (n = 8) 50 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Chicken livers (n = 6) 50 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Oysters (n = 9) 77.8 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Calamari (n = 7) 57.1 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Bivalves (n = 7) 100 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Raw milk (n = 6) 66.7 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Yogurt (n = 4) 100 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Cheese (n = 4) 75 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)

Cheese (n = 4) 75 eae (0); stx1 (0); stx2 (0); hlyA (0); hly (0)
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Table 1. Cont.

Country
Tested Food Samples

(Total Number)
% of E. coli-Positive Samples

or Isolates No.

Virulence Genes (%) (Out of Total
Number)

of E. coli-Positive Samples
References

Iraq Beef carcasses (n = 120) 50 (41.6) eae (30.7); elt (34.6); esth (34.6); estp
(34.6); stx1 (53.8); stx2 (53.8); aggR (0)

[44]

Imported chicken carcasses
(n = 120) 52 (43.3) eae (8.6); elt (91.3); esth (91.3); estp (91.3);

stx1 (0); stx2 (0); aggR (8.6)

Fish surfaces (n= 120) 47 (39.1) eae (0); elt (100); esth (100); sstp (100);
stx1 (0); stx2 (0); aggR (0)

Imported and local raw burgers
(n = 120) 45 (37.5) eae (0); elt (71.4); esth (71.4); estp (71.4);

stx1 (28.5); stx2 (28.5); aggR (0)

Local raw ground meat (n = 120) 46 (38.3) eae (0); slt (100); ssth (100); sstp (100);
stx1 (0); stx2 (0); aggR (0)

Local raw milk (n = 120) 43 (35.8) eae (0); elt (0); esth (0); estp (0); stx1 (0);
stx2 (0); aggR (0)

Fish (n = 78) 35.9 stx1 (89.3); stx1 (85.7); rfb (0) [90]

Camel meat (n = 50) 14 sta (100); uspA (42); stb (0); stb (0) [72]

Frozen burger (n = 50) 7 sta (100); uspA (42); stb (0); lt (0)

[91]Frozen chicken (n = 50) 8 sta (62.5); uspA (12.5); stb (0); lt (0)

Frozen fish (n = 50) 10 sta (40); uspA (10); stb (0); lt (0)

Jordan Drinking water (n = ND) 109 isolates aat (12.8); aaic (2.8); eae (2.8); ipaH (1.8);
stx1(0.9); stx2 (0) [45]

Lebanon
Shankleesh (dairy products)

(n = 340) 28.5 eaeA (13.5); ehly (8.1); stx1 (13.5);
stx2 (13.5)

[47]Baladi (dairy products) (n = 340) 66.4 eaeA (2.7); ehly (5.4);
stx1 (37.8); stx1 (37.8);

Kishk (dairy products) (n = 340) 7.2 eaeA (0); ehly (0); stx1 (10.8); stx1 (10.8);

Raw vegetables (n = ND) 60 isolates stx1 (0); stx2 (0) [92]

Morocco Ground beef (n = 140) 45

eaeA (12.5); aggA (0); stx1 (4.7); stx2;
(3.1); lt (0); St (0); hlyA (4.7); Saa (1.6);
astA (4.7); Ial (0); ipaH (0); iucD (6.3);

cnf1 (0); afa (0); sfa (1.6)

[48]

Sausages (n = 120) 30

eaeA (2.8); aggA (0); stx1 (2.8); stx2 (0);
Lt (5.6); St (0); hlyA (0); saa (0); astA

(27.8); Ial (0); ipaH (0); iucD (16.7); cnf1
(0); afa (0); pap (5.6); sfa (0)

Turkey (n = 200) 35.5

eaeA (2.8); aggA (0); stx1 (0); stx2 (0); lt
(0); st (1.4); hlyA (2.8); saa (0); astA

(19.7); ial (0); ipaH (8.5); iucD (33.8); cnf1
(0); afa (0); pap (2.8); sfa (0)

Well water (n = 50) 48

eaeA (0); aggA (0); stx1 (0); stx2 (0); lt (0);
st (4.2); hlyA (4.4); saa (0); astA (0); Ial

(0); ipaH (0); iucD (4.2); cnf1 (0); afa (4.2);
pap (0); sfa (0)

Shellfish (n = 82) 6.3 eaeA (0);stx1 (100); stx2 (60) [93]

Food products (n = 7200) 3.4 hlyA (4.3); pap (17.1); sfa (2.9); stx1 (10);
stx2 (4.3); eae (4.3) [94]

Ground beef (n = 140) 2.1 stx1 (100); stx2 (66.7); eaeA (66.7);
hlyA (100) [95]

Sausage (n = 120) 0.8 stx1 (100); stx2 (0); eaeA (0); hlyA (0)
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Table 1. Cont.

Country
Tested Food Samples

(Total Number)
% of E. coli-Positive Samples

or Isolates No.

Virulence Genes (%) (Out of Total
Number)

of E. coli-Positive Samples
References

Libya Raw cow’s milk (n = 28) 10.7 vt (33.3); eaeA (33.3)

[49]

Raw camel’s milk (n = 9) 33.3 vt (0); eaeA (0)

Raw goat’s milk (n = 7) 28.6 vt (100); eaeA (100)

Fermented cow’s milk (n = 28) 25 vt (75.7); eaeA (75.7)

Maasora cheese (n = 21) 42.9 vt (22.2); eaeA (22.2)

Ricotta cheese (n = 10) 30 vt (0); eaeA (0)

Palestine Raw beef (n = 300) 44 STEC isolates stx1 (68); stx2 (63) [96]

Chicken meat (n = 15) 100 vt (0); eaeA (0); bfpA (0); aggR (6.6); daaE
(0); lT (13.3); sT (46.6)

[50]
Turkey (n = 10) 100 vt (0); eaeA (0); bfpA (0); aggR (0); daaE

(0); lT (0); sT (20)

Qatar Chickens (n = 158) 65 APEC
ompT (69), hlyF (69%), iroN (68%); tsh

(54%); vat (4%); iss (70%); cvi/cva (59%);
iucD (65%)

[52]

Saudi Arabia Raw beef (n = 100) Two E. coli O157:H7 isolates stx1 (100); stx2 (100); eae (50); hlyA (0)

[54]

Raw mutton (n = 40) One E. coli O157:H7 isolate stx1 (100); stx2 (100); eae (100); hlyA (0)

Raw chicken (n = 40) One E. coli O157:H7 isolate stx1 (100); stx2 (100); eae (100); hlyA (0)

Ground beef (n = 80) Four E. coli O157:H7 isolates stx1 (75); stx2 (75); eae (0); hlyA (25)

Beef burger (n = 20) Two E. coli O157:H7 isolates stx1 (50); stx2 (0); eae (0); hlyA (50)

Ground chicken (n = 20) One E. coli O157:H7 isolate stx1 (100); stx2 (100); eae (0); hlyA (0)

Milk (n = 540) 15.93 eaeA (44.2); stx2 (67.4)
[53]

Raw meat (n = 150) 11.3 eaeA (58.8); stx2 (94.1)

Fresh vegetables and fruits
(n = ND) 16 E. coli isolates eae (0); stx1 (0); stx2 (0) [55]

Sudan Drinking water (n = 184) 46 IPaH (12.7); stx (6.5); AggR (6.5); eae (0) [97]

United Arab
Emirates

Camel meat (n = 140) 4.3 (E. coli O157) rfbE (100); flicH7 (58.3); hlyA (75); uidA
(0); eaeA (91.7); stx2 (100); stx1 (0)

[56]Goat (n = 150) Two (E. coli O157) rfbE (100); flicH7 (0); hlyA (50); uidA (0);
eaeA (100); stx2 (100); stx1 (0)

Cattle (n = 137) 1.5 (E. coli O157) rfbE (100); flicH7 (0); hlyA (60); uidA (0);
eaeA (60); stx2 (100); stx1 (0)

3. Pathogenic Antibiotic Resistance in E. coli

E. coli is the preferred organism when investigating bacterial resistance levels due to its
ability to transfer genetic material not only among its own strains but also to other enteric
pathogens [18]. In a study conducted in North Georgia, USA [98], 95 avian pathogenic
E. coli (APEC) isolates were examined, revealing that 92% of them exhibited resistance to
three or more antibiotics. A study by Yuan et al. [99] in China reported that 80% of 71 E. coli
isolates from the livers of chickens that perished on 10 poultry farms displayed resistance
to eight or more antibiotics. Similarly, between 2004 and 2005, Li et al. [100] identified high
levels of antibiotic-resistant E. coli isolates from diseased chickens in China. These isolates
demonstrated complete resistance to tetracycline and trimethoprim/sulfonamide, as well
as resistance levels ranging from 79% to 83% to chloramphenicol, ampicillin, ciprofloxacin,
and enrofloxacin. The presence of antibiotic resistance in commensal strains of E. coli
could play a pivotal role in the dynamics of resistance and infectious diseases. European
data from France, the UK, and the Netherlands indicate a moderate resistance pattern to
ampicillin, streptomycin, tetracycline, and trimethoprim/sulfonamide; low resistance to
gentamicin, chloramphenicol, and ciprofloxacin; and no resistance to cephalosporins [101].
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Given the widespread detection of pathogenic E. coli in various food products (as
shown in Table 1), there is a pressing need to enhance national and regional surveillance
efforts aimed at monitoring antimicrobial resistance in E. coli within our food supply chain.
In the primary production of animal-derived foods, there has been a noticeable increase in
the use of traditional first-line antibiotics such as sulfonamides, chloramphenicol, ampicillin,
tetracycline, and streptomycin. This surge in antibiotic use has led to the emergence and
development of antibiotic-resistant E. coli due to the selective pressure it exerts [18].

As reported by Hemeg [102] in Saudi Arabia, all recovered pathogenic E. coli strains
(carrying stx2 and eaeA genes), including those from food samples (20 isolates) and individ-
uals with colibacillosis (100 isolates), exhibited resistance to amoxicillin–clavulanic acid,
penicillin, and erythromycin. Resistance rates among these E. coli strains included 83% for
gentamicin, 75% for ampicillin, 65.3% for trimethoprim, 55.8% for oxytetracycline, 36.5%
for chloramphenicol, 30.7% for norfloxacin, and 26.9% for nalidixic acid. Notably, 62.8% of
the tested isolates remained sensitive to ciprofloxacin.

In Egypt, according to Elafify et al. [103], 36 STEC isolates recovered from milk and
dairy products carried stx1 and/or stx2 genes, while 14 and 3 of those possessed the eaeA
gene and the rfbE gene, respectively, exhibiting multidrug resistance. Approximately 86.11%
of these isolates harbored extended-spectrum beta-lactamase encoding genes, specifically
blaCTX-M-15, blaSHV-12, and blaCTX-M-14. Moreover, 33.33% of the isolates carried the
plasmid-mediated quinolone resistance gene qnrS.

Given that pathogenic E. coli is associated with increased illness and mortality rates,
assessing antimicrobial resistance profiles should be considered a crucial component of E.
coli surveillance in food safety and public health laboratories across Arab countries. Studies
in Arab countries, such as Algeria [104,105] and Iraq [106,107], have also shown antibiotic
resistance in pathogenic E. coli isolated from food.

It is imperative to recognize that the extent of resistance serves as an informative
indicator of the selection pressure resulting from antibiotic use and resistance issues in
pathogens. Indiscriminate antibiotic use must be curtailed, as antibiotics may lose their
effectiveness against pathogens, particularly since E. coli acquires antibiotic resistance at a
faster rate than most other bacteria [18]. The escalating global prevalence of antibiotic resis-
tance is a matter of significant concern. It is widely acknowledged that the primary driver
of resistance development in pathogenic bacteria is the excessive use of antibiotics [108].
This prevailing situation has facilitated the emergence and dissemination of antibiotic-
resistant bacteria and resistance genes. Antibiotic resistance can stem from antibiotic use for
treatment in both humans and animals, as well as from prophylactic and growth-promoting
antibiotic use in animals [18].

4. Conclusions

Foodborne infections originating from bacterial pathogens like pathogenic E. coli are a
prevalent cause of human illnesses in the Arab world, leading to significant economic losses
and public health consequences. These E. coli pathogens’ genetic material is frequently
found in various food items across Arab countries. The existing evidence highlighted in this
review emphasizes that the identification of these bacterial pathogens is common in animal-
based food products. In contrast, when it comes to fruits and vegetables, the available data
on these pathogens are limited compared to animal-derived foods. These bacteria can enter
the human food supply chain from their initial production stages to the final consumption
of products. The emergence of drug-resistant strains has raised serious concerns about
public health regarding these bacterial pathogens. Despite some reports on the prevalence
of foodborne bacteria in animal-based foods, livestock, and humans, the extent of these
pathogens in animal-based foods within the Arab region remains insufficiently studied.
The associated risk factors are not well defined, and there is a lack of comprehensive
documentation on human infections resulting from foodborne exposure. This literature
review underscores the persistent challenge posed by E. coli pathogens to food safety and
public health in the Arab world. Consequently, we propose the following recommendations:
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establish a coordinated surveillance and monitoring system for foodborne pathogens and
their antimicrobial resistance at the national and regional levels across Arab countries to
develop informed control and prevention strategies against these pathogens; generate
epidemiological data on risk factors and the incidence of human infections linked to
foodborne illnesses, focusing on national-level documentation; raise public awareness
based on scientific risk analysis of bacterial pathogens responsible for foodborne infections;
and employ advanced molecular-level characterization techniques, such as whole-genome
sequencing, to guide the implementation of improved prevention and control strategies
throughout Arab countries.
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Abstract: Free amino acids (AAs) formed in fermented meat products are important nitrogen sources
for the survival and metabolism of contaminating fungi. These AAs are mainly regulated by the
TORC1-Tap42 signaling pathway. Fusarium spp., a common contaminant of fermented products, is a
potential threat to food safety. Therefore, there is an urgent need to clarify the effect of different AAs
on Fusarium spp. growth and metabolism. This study investigated the effect of 18 AAs on Fusarium
oxysporum (Fo17) growth, sporulation, T-2 toxin (T-2) synthesis and Tri5 expression through Tap42
gene regulation. Co-immunoprecipitation and Q Exactive LC-MS/MS methods were used to detect
the interacting protein of Tap42 during specific AA treatment. Tap42 positively regulated L-His,
L-Ile and L-Tyr absorption for Fo17 colony growth. Acidic (L-Asp, L-Glu) and sulfur-containing
(L-Cys, L-Met) AAs significantly inhibited the Fo17 growth which was not regulated by Tap42.
The L-Ile and L-Pro addition significantly activated the sporulation of ΔFoTap42. L-His and L-Ser
inhibited the sporulation of ΔFoTap42. In T-2 synthesis, ΔFoTap42 was increased in GYM medium, but
was markedly inhibited in L-Asp and L-Glu addition groups. Dose–response experiments showed
that 10–70 mg/mL of neutral AA (L-Thr) and alkaline AA (L-His) significantly increased the T-2
production and Tri5 expression of Fo17, but Tri5 expression was not activated in ΔFoTap42. Inhibition
of T-2 synthesis and Tri5 expression were observed in Fo17 following the addition of 30–70 mg/mL
L-Asp. KEGG enrichment pathway analysis demonstrated that interacting proteins of Tap42 were
from glycerophospholipid metabolism, pentose phosphate pathway, glyoxylate and dicarboxylate
metabolism, glycolysis and gluconeogenesis, and were related to the MAPK and Hippo signaling
pathways. This study enhanced our understanding of AA regulation in fermented foods and its effect
on Fusarium growth and metabolism, and provided insight into potential ways to control fungal
contamination in high-protein fermented foods.

Keywords: amino acids; Fusarium oxysporum; T-2 toxin; Tap42; KEGG

1. Introduction

Fermented meat (sausage, bacon, ham) and fermented dried aquatic (dried/smoked
fish, dried shrimp) products are two types of flavor foods, processed under natural or
control drying conditions. Flavor formation occurs through a series of biochemical and
physical changes and depends on microorganism fermentation and/or endogenous enzyme
action [1–3]. During fermentation, a number of aromatic substances, such as free amino
acids (AAs), aldehydes, alcohols, acids, heterocyclic compounds and nucleotides, can be
formed which impart a unique flavor to the food [4–7]. Due to lower water activity (aw)
and higher salinity, fermented dry/semi-dry products can be stored for a long time with
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minimal microbial reproduction. However, unpackaged fermented products are at risk
of contamination by environmental and suspended microorganisms in the air, including
fungi, which adhere easily to the product surface. During long-term storage, protein
breakdown in food forms free AAs to provide nutrients for fungal growth and metabolism.
In addition, some fungal contaminants such as Penicillium spp., Aspergillus spp., Fusarium
spp. and Candida spp. can utilize AAs to grow at aw < 0.9 [8,9] and contaminate fermented
food [10,11]. Among the common contaminated fungi, Fusarium spp. are plant pathogenic
fungi which generally infect high-carbon crops such as grain, corn, soybean and wheat
to produce mycotoxins such as T-2 toxin (T-2), HT-2 toxin (HT-2), deoxynivalenol (DON)
and 15-acetyl deoxynivalenol (15Ac-DON) [12–14]. Among these, T-2 is highly toxic and
causes weight loss [15], neurological disorders [16], immunosuppression [17], bone marrow
damage [18] and cutaneous toxicity [19]. The Tri5 gene plays an important role as the
initiator of T-2 synthesis [20]. Several studies have reported that Fusarium contamination
in dried/smoked fish and fermented meat products sold at markets poses a potential
threat to consumer health [10,21–24]. Proteins in meat products are degraded to AAs
during long-term storage due to microbial growth. Rabie et al. (2014) reported a reduction
in free AA concentration in horse and beef sausage during 28-day storage period due
to contaminating microorganism metabolism [25]. Although protein degradation into
free AAs such as aspartic acid (L-Asp), glutamic acid (L-Glu) and alanine (L-Ala) can
enhance the unique flavor of fermented products, long storage periods can lead to excessive
proteolysis, resulting in the accumulation of free AAs, which provide conducive conditions
for Fusarium growth and the production of spores and mycotoxins. Furthermore, fermented
meat products can degrade into more than 22 AAs, including threonine, serine, glutamine,
lysine, tyrosine and histidine. These AAs can be classified into acidic-, alkaline-, neutral
and sulfur-containing AAs. Regulatory mechanism of each AA on fungal metabolism
vary between species. At present, few studies have reported the effects of amino acid on
Fusarium sp. growth and metabolism [26]. To understand the metabolic mechanism of
Fusarium sp. on AAs, it is important to determine how fungi utilize different nutrients in
high-protein fermented foods.

The target of rapamycin (TOR) protein is a key regulator of eukaryotic growth and
a class of evolutionarily conserved serine/threonine (Ser/Thr) protein kinase [27]. The
TORC1 signaling pathway includes two parts: (1) upstream activation pathway of TORC1,
consisting of GTPases Gln and Gtr [28] regulated by Gln3 [29] and Gtr1/Gtr2 [30], re-
spectively, allowing fungi to respond to AAs, stress and other environmental signals;
(2) two branches of the downstream pathway, controlled by Sch9 and Tap42, which regulate
fungal growth and metabolism, respectively [31], including protein translation, ribosomal
synthesis, gene transcription, protein degradation and autophagy [32]. Most studies on the
regulation of AAs on fungal growth and metabolism have examined the TORC1 signaling
pathway [33].

A complete response system was investigated in Saccharomyces cerevisiae under a
limited nitrogen condition [34]. Tap42-dependent phosphorylation occurs when the TOR
signal is activated, promoting the interaction between Tap42 and phosphatase. When
the external nutrient conditions are unfavorable, phosphatase isolated from Tap42 and
many downstream targets of the TOR signaling pathway, such as Npr1, Ure2 and Gln3, are
dephosphorylated to regulate metabolism [35]. Therefore, Tap42 is an important metabolic
regulator used by fungi to respond to external AAs and control Fusarium metabolism.

The aim of this study was to elucidate the role of 18 AAs as nitrogen sources for
Fusarium spp. growth (colony morphology) and metabolism (sporulation, toxin produc-
tion, Tr5 expression) regulated by the Tap42 gene. Co-immunoprecipitation was used to
capture the interacting proteins of Tap42 following exposure to specific AAs. This provides
an experimental basis for controlling fungal contamination in fermented meat products
from an AA perspective.
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2. Materials and Methods

2.1. Chemicals and Experimental Strains

Biological reagents (≥99%) L-Aspartic acid (L-Asp), L-Glutamic acid (L-Glu), L-Serine
(L-Ser), Glycine (Gly), L-Histidine (L-His), L-Threonine (L-Thr), L-Arginine (L-Arg), L-
Proline (L-Pro), L-Alanine (L-Ala), L-Tyrosine (L-Tyr), L-Valine (L-Val), L-Methionine
(L-Met), L-Cysteine (L-Cys), L-Isoleucine (L-Ile), L-Leucine (L-Leu), L-Tryptophan (L-Try),
L-Phenylalanine (L-Phe) and L-Lysine (L-Lys) were purchased from Ruiyong Biological
Technology (Shanghai, China). T-2 toxin standard was purchased from Enzo Life Science
(Farmingdale, NY, USA). Chromatographic-grade reagents (≥99%) methanol, ethyl ac-
etate, acetonitrile and formic acid were purchased from Sigma-Aldrich (Shanghai, China).
Kanamycin, dithiothreitol (DTT), isopropyl-beta-D-thiogalactopyranoside (IPTG), and
1-(p-Toluenesulfonyl) imidazole (C10H10N2O2 S) were purchased from Xiya Chemical
Technology (Qingdao, China). IP lysis, 1× loading buffer and trypsin were obtained
from Sangon Biotech (Shanghai, China). Disodium hydrogen phosphate, sodium chloride,
iodoacetamide, ammonium bicarbonate, ammonium dihydrogen phosphate, potassium
chloride, magnesium sulfate heptahydrate, dipotassium hydrogen phosphate, ferrous
sulfate heptahydrate and ammonium bicarbonate were purchased from Xilong Science
(Shantou, China).

Wild-type Fusarium oxysporum (Fo17, GDMCC 60824, isolated from dried fish) has a
strong T-2 toxin synthesis ability. Gene deletion strain ΔFoTap42 and complement strain
ΔFoTap42-C were obtained by the double-crossover homologous recombination method (in
a preliminary experiment). Top10 Escherichia coli and Rossetta (DE3) competent cells were
purchased from Kamede Biological (Tianjin, China).

2.2. Colony Growth Analysis

A dextrose agar medium (20 g glucose, 20 g agar 0.1 g chloramphenicol) containing
5 mg/mL each of 18 AAs was prepared. For the control group, PDA medium was used
without AA addition. The wild-type Fo17, ΔFoTap42 and ΔFoTap42-C were inoculated into
a AA dextrose agar medium with a 5 mm mycelium disk, cultured for 7 d at 28 ◦C. The
colony’s morphology was observed and photographed.

2.3. Sporulation Capacity Analysis

A 1L Czapek dox agar (CDA) liquid medium (nitrogen (N) source removed, containing
1 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 30 g saccharose) containing
10 mg/mL each of 18 AAs were prepared. The control group used a CDA liquid medium
with an original nitrogen source and without AA addition. The wild-type Fo17, ΔFoTap42
and ΔFoTap42-C were inoculated into the CDA medium with a 5 mm mycelium disk,
followed by shaking at 120 rpm/min at 28 ◦C for 7 d. Next, spores in cultured solution were
dispersed with a 84-1A magnetic agitator (Sile, Shanghai, China) at a speed of 500 rpm/min
and filtered with three layers of gauze. The 50 μL filtrate was transferred to a blood cell-
counting plate to calculate the number of spores using a CX23 optical microscope (Puch,
Shanghai, China).

2.4. T-2 Toxin-Producing Ability Analysis

A 1L GYM liquid medium (N source removed, containing 0.2 g KCl, 0.2 g MgSO4·7H2O,
10 g glucose, 5 g yeast extract, 1 mL 0.005 g/L CuSO4·5H2O, 1 mL 0.01 g/L ZnSO4·7H2O)
containing 5 mg/mL each of 18 AAs were prepared. The control group used a GYM liquid
medium with original N source and without AA addition. A 1 mL GYM solution was
added into a 2 mL centrifuge tube. Next, wild-type Fo17, ΔFoTap42 and ΔFoTap42-C were
inoculated into the GYM medium with two 5 mm mycelium disks and cultured at 28 ◦C for
14 d. After culturing, the solution was centrifuged (Xiangyi, Changsha, China) at 5000 rpm
for 10 min, the supernatant was collected, 1 mL ethyl acetate was added and the solution
was mixed using a XW-80A vortex (Fudi, Fuzhou, China) for 5 min. The supernatant was

21



Foods 2023, 12, 1829

collected and dried at 60 ◦C in N. Next, 1 mL 30% methanol was added to redissolve it;
then, it was filtered with a 0.22 μm filter and T-2 was detected by LC-MS/MS.

Toxin analysis was performed on a Thermo Scientific Surveyor HPLC (Thermofisher,
Waltham, MA, USA)system which comprised a Surveyor MS Pump Plus, an on-line de-
gasser and a Surveyor Autosampler Plus coupled with a Thermo TSQ Quantum Access
tandem mass spectrometer equipped with an electrospray ionization (ESI) source (Ther-
mofisher, Waltham, MA, USA). The separation was performed at 35 ◦C using a Hypersil
GOLD column (5 μm, 100 mm × 2.1 mm) (Thermofisher, Waltham, MA, USA) at a flow
rate of 0.25 mL/min. The mobile phase consisted of methanol (A) and water containing
5 mM ammonium acetate 0.1% formic acid (B), with a gradient elution program as follows:
0 min 30% A, 3.0 min 90% A, 5 min 90% A and 3 min 30% MS/MS detection was carried
out using a triple quadruple mass spectrometer coupled with an electrospray ionization
source operating in positive (ESI+) mode (Shimadzu, Kyoto, Japan). The ionization source
parameters were set as follows: spray voltage, 4500 V; sheath gas pressure, 35 au; ion sweep
gas pressure, 0 au; auxiliary gas pressure, 15 au; capillary temperature, 350 ◦C; tube lens
offset, 118 V; skimmer offset, 0; collision energy, 1.5 eV; and collision pressure, 1.5 mTorr.

2.5. T-2 Synthesis and Tri5 Expression Dose-Response Relationship Analysis

The 50 mL GYM liquid medium (N source removed) containing 10, 30, 50 or 70 mg/mL
of L-Thr, L-His and L-Asp was prepared, and the F. oxysporum Fo17, ΔFoTap42 and
ΔFoTap42-C were inoculated into a 1 mL GYM medium with a 5 mm mycelium disk.
Next, the samples were cultured at 28 ◦C and centrifuged at 120 rpm/min for 14 days.
Then, the culture solution was treated as explained in Section 2.4, and T-2 was detected by
LC-MS/MS.

The 25–50 mg (dry weight) cultured mycelia of Fo17, ΔFoTap42 and ΔFoTap42-C were
weighed and ground into powder with liquid N. Total RNA was extracted using a Spin Col-
umn Fungal Total RNA Purification Kit (Sangon Biotech, Shanghai, China). Purity and con-
centration were determined by a nucleic acid quantitative analyzer (Thermofisher, Waltham,
MA, USA). A StarScript II First-strand cDNA Synthesis Kit (Genstar, Beijing, China) was
used to transcribe RNA into cDNA. The HATri/F (5-CAGATGGAGAACtGGATGGT-
3) and HATri/R (5-GCACAAGTGCCACGTGAC-3) were used as primer pairs, and the
β-Tubulin/F (TTCCCCCGTCTCCACTTCTT) and β-Tubulin/R (GACGAGATCGTTCAT-
GTTG) were used as the internal control gene primers. The reaction system of the qRT-PCR
mixture was prepared as a 10 μL reaction (containing 5 μL 2× SYBR Green Supermix,
0.4 μL of each pair of primers (10 μM), 0.2 μL ROX Reference Dye, 1.0 μL cDNA and 3.0 μL
PCR-certified water). The amplification reaction cycling procedure was as follows: 5 min
at 95 ◦C, followed by 40 PCR cycles of 10 s at 95 ◦C for denaturation and 30 s at 60 ◦C for
annealing and elongation. The melting curve analysis consisted of 3 s at 60 ◦C, followed
by heating up to 95 ◦C with a ramp rate of 1 ◦C/3 s. If the melting curves showed a clear
single peak, it meant the primers were specific. The experiment was conducted for each
sample in triplicate. Based on the PCR reaction’s CT value, Tri5 expression was analyzed
by the 2−ΔΔCt method.

2.6. TORC1-Tap42 Interacting Protein Analysis
2.6.1. Construction of Tap42 Expression Vector

Based on the NCBI website (https://www.ncbi.nlm.nih.gov/, accessed on 27 May
2022) for the Tap42 sequence and related protein sequence, analyzed the protein signal
peptide to obtain the corresponding base sequence. The Tap42 template was synthesized by
chemical synthesis and cloned into a pET-28a(+) (3228 bp) expression vector by the BamHI-
XhoI double enzyme digestion method. The constructed expression vector was transformed
into a Top10 E. coli clone, coated on an agar plate (containing 30 μg/mL kanamycin) and
cultured overnight at 37 ◦C. A single cloned strain with the correct sequence was selected.
A 100 μL sample of Rossetta (DE3) competent cells was mixed with 10 μL pET28a(+)-TAP42
plasmid, bathed in ice for 30 min, quickly heated at 42 ◦C for 90 s and placed in an ice
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bath for 5 min. The solution was coated on LB medium (containing 50 μg/mL kanamycin)
and cultured at 37 ◦C for 14 h. Monoclones were selected for the induction culture. The
cloned strain was cultured at 37 ◦C for 200 mL until the OD 600 was 0.6–0.8. IPTG was
added to the medium for induction at 16 ◦C for 24 h and centrifuged at 5000 rpm for
5 min. The supernatant was filtered by a 0.22 μm filter and then enriched by Ni column
affinity chromatography.

2.6.2. Protein Purification by Ni Column Affinity Chromatography

A binding buffer (0.02 M Na2HPO4, 0.5 M NaCl, pH = 7.4) was used to balance the
Ni column, with a flow rate of 3 mL/min. The supernatant, collected in Section 2.6.1,
was purified using a AKTA purifier (Explorer 10, Cytiva, Sweden). After sample load-
ing, in order to remove the impurities, the Ni column was washed with buffer (0.02 M
NaH2PO4, pH = 7.4, 0.5 M NaCl, 20 mM 1-(p-Toluenesulfonyl) imidazole) until the UV
signal returned to the baseline. Elusion buffer (0.02 M Na2HPO4, 0.5 M NaCl, 500 mM
1-(p-Toluenesulfonyl)imidazole, pH = 7.4) was used to wash the Ni column until the sample
was eluted. The samples were collected for SDS-PAGE expression.

2.6.3. Co-Immunoprecipitation Analysis

(1) Sample treatment: The cultured mycelia were washed with precooled 0.01 M PBS
3 times and centrifuged at 12,000 rpm for 1 min each time to collect the mycelia. Liquid N
was used to grind it into a powder; then, it was redissolved in 1 mL IP lysis, centrifuged
at 12,000 rpm for 2 min to collect the supernatant and, finally, collected on ice. (2) Next,
we prepared 100 μL Ni beads in triplicate, centrifuged them at 12,000 rpm and 4 ◦C for
1 min and removed the supernatant. Then, we added 800 μL IP lysate, centrifuged it at
12,000 rpm and 4 ◦C for 1 min and removed the supernatant. This step was repeated
3 times, and the final supernatant was resuspended in 200 μL IP lysate. (3) The 10 μg of
Tap42 protein was prepared by adding it into the solution and incubating at 4 ◦C for 60 min,
followed by dividing the solution into one tube. The sample supernatant prepared in step
(1) was added to the tube, incubated at 4 ◦C for 1 h and centrifuged at 2000 rpm at 4 ◦C
for 1 min to remove the supernatant. Next, 1.6 mL IP lysate was added and centrifuged
at 2000 rpm 4 ◦C for 1 min to remove the supernatant. This step was repeated five times.
(4) A 30 μL sample of 1× loading buffer was added into the sample tube and boiled at
100 ◦C for 10 min. Next, the sample was stored at −80 ◦C for further studies.

2.6.4. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The samples (from procedure Section 2.6.3) were defrosted and centrifuged at 12,000 rpm
at 4 ◦C for 10 min. The supernatant was mixed with one volume of load buffer (187.5 mM
Tris (pH 6.8), 6% SDS, 30% glycerol and 15% β-mercaptoethanol) and heated at 98 ◦C for
5 min to completely denature the proteins (as sample solutions for SDS-PAGE). Polyacry-
lamide gels (6%) were prepared in Bio-Rad chambers (separation gel: 2.5 μL (acrylamide
30%, bisacrylamide 0.8%), 1.5 μL Tris-HCl (1.5 M pH 8.8), 52.5 μL 10% SDS, 955 μL distilled
water, 150 μL PSA, and 7.5 μL TEMED; stacking gel: 312 μL (acrylamide 30%, bisacrylamide
0.8%), 450 μL Tris-HCl (0.5 M pH 6.8), 1.0 μL distilled water, 50 μL PSA and 4.0 μL TEMED).
The electrophoresis chamber was filled with running buffer (1.44% glycine, 0.3% Tris, and
0.1% SDS). Next, the sample solutions (10 μL) and 10 μL of protein marker were loaded
onto the gel. Gel electrophoresis was performed at a constant voltage of 50 V until the
sample reached the separation gel, at which point the voltage was increased to 100 V. The
gels were stained with a Protein Stain Q Kit (Sangon Biotech, Shanghai, China). Gel images
were processed using the Image lab Software (version 6.01, BioRad, Hercules, CA, USA),
adjusting the gamma setting to improve the contrast.

2.6.5. LC-MS/MS Analysis of Tap42 Interacting Proteins

The electrophoretic target band was cut, transferred into a 50 mL centrifuge tube
and rinsed twice with ultrapure water; then, a mixture of 25 mM NH4HCO3 and 50%
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acetonitrile was added to decolorize for 30 min. To the extracted discolored solution, a
dehydrated solution 1 of 50% acetonitrile was added and let stand for 30 min; then, it
was sucked out and the dehydrated solution 2 of absolute ethyl alcohol was added and
let stand for 30 min. The target band was freeze-dried in a vacuum (Xiangyi, Changsha,
China) at −20 ◦C for 2 h to obtain a lyophilized gel block, 50 μL reductive solution 1
was added (10 mM DTT, 25 mM NH4HCO3) and it was left to stand in a bath at 57 ◦C
for 1 h. Next, the solution was removed, 50 μL reductive solution 2 was added (50 mm
iodoacetamide, 25 mM NH4HCO3), it was placed at room temperature (RT) for 30 min and
then the solution was removed. For 10 min, 10% ethyl alcohol was added and the solution
was removed. Then, the dehydrated solution 1 was added for 30 min, it was removed and
the dehydrated solution 2 was added for 30 min. The dehydrating solution 2 was removed
and 10 μL enzymatic hydrolysate was added (25 mM NH4HCO3 containing 0.02 μg/μL
trypsin) to hydrolyze overnight at 37 ◦C. Next, the solution was centrifuged at 12,000 rpm
for 2 min to obtain the supernatant for protein analysis. A Thermofisher QE Orbitrap
high field electrostatic field orbital trap mass spectrometer (Thermofisher, Waltham, MA,
USA) was used to detect the interacting proteins. The first-order spectrum scanning range
was 350–1600 m/z; the second-order mass spectrometry mode was CID (Elite). A new
protein library was constructed using the theoretical amylase sequence. The main search
parameters were as follows: (1) immobilization modification: carbomimomethyl on Cys;
(2) variable modification: oxidation on Met, acetylation on protein N-terminal; (3) allowable
error of parent ion of peptide: 10 ppm; (4) allowable error of fragment ion: 0.6 Da.

2.7. Statistical Analysis

All experiments were conducted three times in parallel. The data were expressed as
mean ± standard deviation (SD) and statistically analyzed by IBM SPSS statistics software
(Version 26.0, BioRad, Hercules, CA, USA). Significant differences between the control and
the treated fish were determined by one-way analysis of variance (ANOVA), followed by
the Tukey’s test to compare the control and treatment group values. A p-value of <0.05 was
considered significant.

3. Results and Discussion

3.1. Effects of AAs on Colony Growth of F. oxysporum Regulated by Tap42

Rapamycin-sensitive TORC1 protein kinase is an important component of a conserved
signal-cascading mechanism which controls cellular absorption and the response of AAs
to regulate fungal growth, metabolism and pathogenicity [36]. The Tap42 gene is the
key regulator to absorb and metabolize AAs for fungi. The effects of AAs on the colony
morphology of Fo17, ΔFoTap42 and ΔFoTap42-C are shown in Figure 1. On PDA medium,
Fo17 grew normally with several aerial hyphae, while ΔFoTap42 grew relatively slowly
with fewer aerial hyphae. Colony morphology recovered to normal conditions following
Tap42 supplementation. The L-His, L-Leu, L-Pro, L-Thr and L-Tyr additions as nitrogen
sources significantly activated the growth of Fo17, with larger hyphal diameters but fewer
mycelia in the 7-d culture. The colony was significantly smaller in ΔFoTap42, especially in
the L-Try and L-Tyr media. This may be because the Tap42 target-regulated the absorption
of L-Try and L-Tyr, while a lack of Tap42 decreased the response of the TORC1 pathway,
which resulted in growth inhibition. In the L-Val medium, the colony of ΔFoTap42 was
smaller, with radial mycelia, but recovered to the normal level in ΔFoTap42-C. Sulfur-
containing (L-Cys, L-Met) and acidic (L-Asp, L-Glu) AAs significantly inhibited the growth
of Fo17, ΔFoTap42 and ΔFoTap42-C, which indicated that the absorption of these two AAs
was not regulated by Tap42. Supplementation with L-Cys and L-Met resulted in less
mycelial growth, while L-Asp and L-Glu caused thicker hemispherical mycelia. These
results are in accordance with Shiobara et al. [26], who reported an inhibitory effect of
L-Met and L-Cys on Fusarium grainei growth. Hence, S-containing AAs can be used as
mycotoxin antidotes [37] and fungal inhibitors [38] because the sulfhydryl groups prevent
normal fungal growth and metabolism. The L-Asp and L-Glu were not conducive to Fo17
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and ΔFoTap42 growth, possibly because acidic AAs significantly decreased the pH of the
medium. F. oxysporum Fo17 prefers growth at pH > 6 (unpublished data).

Figure 1. Colony morphology of wild-type F. oxysporum Fo17, ΔFoTap42 and ΔFoTap42-C in dextrose
agar medium, supplemented with 18 amino acids cultured for 7 d at 28 ◦C (n = 3). Control was
cultured in the PDA medium.

3.2. Effect of AAs on Spore Production and T-2 Synthesis of F. oxysporum Regulated by Tap42

The spore production and T-2 synthesis of F. oxysporum Fo17, ΔFoTap42 and ΔFoTap42-
C were significantly different and regulated by AAs (Table 1). Compared to the control
group (CDA medium), the spore production of Fo17 in the L-Arg, L-Lys, L-Met, L-Phe
and L-Pro groups were significantly elevated (p < 0.05), especially in the L-Lys group
(22.30 × 105 CFU/L, p < 0.05), but were decreased in the L-Asp, L-Cys, L-Gly, L-Leu, L-Thr,
L-Try and L-Val groups, with values ranging from 3.14–7.50 × 105 CFU/L. Following
Tap42 deletion, the spore production of ΔFoTap42 significantly decreased (p < 0.05) in
most groups with added AAs. In contrast, L-Arg, L-Ile, L-Lys, L-Met, L-Phe and L-Pro
addition significantly increased (p < 0.05) the spore production of Fo17. This was most
evident in the L-Ile- and L-Pro-added groups, especially the ΔFoTap42, with values ranging
from 35.80–36.26 × 105 CFU/L. Non-polar AAs such as L-Ile and L-Pro are generally
hydrophobic, which is not conducive for the absorption of pathomycetes such as Fusarium
sp.; thus, the speed of fungal growth and spore production is limited [39]. The spore
production of Fusarium sp. Was positively regulated by Tap42 in both the control and most
AA-added groups, except L-Asp, Gly, L-Thr and L-Val. Alfatah et al. [40] reported that, in a
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nutrient-dependent developmental state, Tap42-Sit4-Rrd1/Rrd2 signaled for the regulation
of spore germination, while Tap42 deletion inhibited the TORC1 pathway and blocked
spore germination. Therefore, a lack of Tap42 leads to inactivation of a part of TORC1
function, as well as an inability to respond to glucose and other exogenous AAs, resulting
in reduced sporulation.

Table 1. Effects of 18 amino acids as nitrogen sources in T-2 toxin and spore production by F. oxysporum
Fo17, ΔFoTap42 and ΔFoTap42-C.

Group
Spore Concentration (105 CFU/L) T-2 Toxin Concentration (ng/mL)

Fo17 ΔFoTap42 ΔFoTap42-C Fo17 ΔFoTap42 ΔFoTap42-C

Control 12.35 ± 1.32 c 3.51 ± 1.12 e* 8.24 ± 1.62 bc* 22.86 ± 3.54 bc 30.82 ± 3.41 b* 20.69 ± 1.82 bc

L-Ala 11.11 ± 2.25 c 3.31 ± 0.76 e* 7.61 ± 1.24 bc* 23.85 ± 4.34 bc 20.73 ± 4.61 c 25.63 ± 4.41 b

L-Asp 6.52 ± 0.64 d 8.75 ± 3.83 de 4.25 ± 0.71 c 14.87 ± 2.94 c 6.68 ± 2.65 e* 14.43 ± 3.66 d

L-Arg 18.80 ± 1.35 b 6.25 ± 1.70 de* 12.50 ± 1.13 ab* 23.19 ± 4.01 bc 24.32 ± 3.83 c 23.39 ± 3.64 b

L-Cys 7.50 ± 1.32 d 2.75 ± 1.11 e* 4.62 ± 0.92 c* 33.64 ± 1.41 a 22.23 ± 2.08 c* 28.21 ± 4.36 ab

L-Glu 10.52 ± 2.10 c 14.80 ± 4.62 c* 6.75 ± 0.35 c* 12.64 ± 1.40 c 2.09 ± 1.61 e* 17.03 ± 5.27 c

Gly 5.56 ± 0.61 de 4.00 ± 1.23 de 5.64 ± 0.95 c 22.39 ± 0.36 bc 19.43 ± 4.05 c 19.08 ± 2.03 c

L-His 11.59 ± 2.46 c 2.50 ± 0.64 e* 13.88 ± 1.66 ab 23.67 ± 3.72 bc 36.38 ± 0.64 a* 23.87 ± 4.08 b

L-Ile 18.30 ± 3.65 b 35.80 ± 4.87 a* 16.05 ± 1.45 a 28.49 ± 1.32 ab 28.03 ± 5.46 b 26.15 ± 4.47 ab

L-Leu 3.02 ± 0.57 e 1.25 ± 0.36 e* 4.25 ± 1.04 c 27.07 ± 2.25 ab 11.22 ± 1.54 d* 26.81 ± 1.44 ab

L-Lys 22.30 ± 3.55 a 14.85 ± 0.98 c* 16.32 ± 3.52 a* 21.51 ± 2.77 bc 27.78 ± 1.39 bc 18.71 ± 2.92 c

L-Met 17.20 ± 1.28 b 24.21 ± 1.16 b* 10.84 ± 2.69 b* 20.19 ± 1.54 bc 29.25 ± 2.02 b* 19.43 ± 3.91 c

L-Phe 19.34 ± 13.35 b 10.01 ± 2.06 d* 14.30 ± 0.98 a* 30.49 ± 1.54 a 30.84 ± 3.05 b 26.95 ± 2.98 ab

L-Pro 18.05 ± 4.21 b 36.26 ± 4.53 a* 15.80 ± 3.36 a 30.95 ± 5.17 a 24.29 ± 5.37 c 34.78 ± 4.19 a

L-Ser 12.24 ± 2.17 c 2.56 ± 0.53 e* 14.32 ± 4.39 a 29.61 ± 2.97 a 22.02 ± 0.64 c 25.79 ± 4.33 b

L-Thr 4.01 ± 0.75 e 6.32 ± 1.27 de 5.11 ± 1.24 cd 25.96 ± 1.54 b 23.58 ± 1.36 c 24.85 ± 1.57 b

L-Try 7.25 ± 0.69 d 3.21 ± 0.28 e* 6.25 ± 0.35 c 25.75 ± 1.61 b 26.41 ± 2.62 bc 26.56 ± 5.17 ab

L-Tyr 14.30 ± 3.22 c 17.25 ± 3.54 c* 14.5 ± 2.12 a 25.26 ± 1.88 b 31.22 ± 4.92 b* 28.03 ± 1.68 ab

L-Val 3.14 ± 0.53 e 5.25 ± 1.20 e 4.51 ± 1.31 d 25.54 ± 3.91 b 38.15 ± 0.64 a* 23.93 ± 3.02 b

Three strains were cultured in CDA and GYM media (nitrogen removal sources) and supplemented with 18 amino
acids for 14 d (n = 3). The original CDA and GYM media were the controls. Different letters (a–e) in the same
column indicate significant differences (p < 0.05). Compared with Fo17, significant differences (p < 0.05) of
ΔFoTap42 and ΔFoTap42-C are marked with ‘*’ in each row.

The T-2 toxin production of Fo17 was 22.86 ng/mL in the control group (GYM
medium), which increased in ΔFoTap42 (30.82 ng/mL). When supplemented with Tap42,
the T-2 production returned to normal. Contrary to the spore production capacity, this
result indicated that a lack of the Tap42 gene can induce T-2 synthesis of F. oxysporum.
Targeted gene deletion has a significant effect on fungal metabolism, and sometimes will
specifically activate other metabolism pathways. He et al. [1] reported that inactivation
of TORC1-Tap42 leads to autophagy in yeast. The addition of neutral AAs, such as L-Ile,
L-Leu and L-Ser, increased T-2 production of Fo17, with values reaching up to 28.49, 27.07
and 29.61 ng/mL, respectively. Similarly, L-Phe, L-Pro and L-Cys significantly activated
(p < 0.05) the T-2 production in Fo17, with values up to 30.49, 30.95 and 33.64 ng/mL,
respectively (p < 0.05). However, acidic AAs L-Asp and L-Glu, as N sources, significantly
decreased (p < 0.05) the T-2 toxin-production in Fo17 to 14.87 and 12.64 ng/mL, respectively
(p < 0.05). After Tap42 deletion, the T-2 production was significantly decreased (p < 0.05)
to 6.68 and 2.09 ng/mL. Thus, acidic AAs were not conducive to F. oxysporum growth
and secondary metabolism, and sporulation was the main path to survival. However, the
inhibition of toxin production does not mean toxicity reduction. When pathogenic fungi
are exposed to pH stress, AAs are used for biotransformation and to drive environmental
alkalinization for growth. Candida albicans uses AAs as the sole N source to raise the
environmental pH from 4 to neutral within 6–8 h, which is another critical pathogenicity
trait [41].
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Compared with Fo17, the T-2-producing capacity of ΔFoTap42 was significantly in-
creased (p < 0.05) by L-His and L-Val addition, which indicates that Tap42 negatively
regulates L-His and L-Val absorption. The L-Asp and L-Glu addition significantly inhibited
the T-2 synthesis by ΔFoTap42 to only 6.68 and 2.09 ng T-2/mL, respectively (p < 0.05).
L-Ala, L-Arg, L-Cys, Gly, L-Leu, L-Pro, L-Ser, L-Thr and L-Try addition as N sources also
reduced the T-2 production by ΔFoTap42, which may be due to a lack of AA absorption
and metabolism by the corresponding pathway gene (Tap42), resulting in a decline in T-2
production. A similar result was reported by Phasha et al. [42], who similarly demonstrated
that the Ras2 gene can control growth and toxin synthesis of F. circinatum though encoding
mitogen-activated protein kinase.

As shown in Figure 2, heat map analysis showed the effect patterns of AAs on sporula-
tion and T-2 production by Fo17, ΔFoTap42 and ΔFoTap42-C. During sporulation, L-Ile and
L-Pro groups clustered closely together, showing significantly activated (p < 0.05) spore
production of ΔFoTap42, but a reduction in ΔFoTap42-C, which indicates that Tap42 nega-
tively regulated L-Ile and L-Pro absorption and, thereby, affected the F. oxysporum spore
formation. In contrast, in the L-His and L-Ser groups, the spore production of ΔFoTap42
was lower than in Fo17 and ΔFoTap42-C, meaning that Tap42 positively activated L-His
and L-Ser absorption in F. oxysporum. When a lack of a regulated gene markedly reduces
spore production, it indicates a decrease in reproductive dispersal capacity. The L-Ala
group clustered with the control group means that L-Ala addition did not significantly
affect the spore production of Fo17, ΔFoTap42 or ΔFoTap42-C (Figure 2A). L-Asp and L-Glu
addition inhibited T-2 production by Fo17, and a lack of Tap42 significantly inhibited the T-2
production (<20 ng/mL). This is because acidic AAs negatively regulated the pathogenicity
of Fusarium spp.. The L-His, L-Val, L-Lys and L-Met groups clustered together, and the T-2
production was significantly increased when Tap42 was lacking (Figure 2B).

Figure 2. Changed patterns of sporation (A) and T-2 synthesis (B) by F. oxysporum Fo17, ΔFoTap42
and ΔFoTap42-C exposed to 18 amino acids as nitrogen sources (n = 3). Control was cultured in CDA
and GYM media.

3.3. Dose-Effect Relationship between L-Thr, L-His and L-Asp on T-2 Toxin Synthesis by
F. oxysporum Regulated by Tap42

Tri5 is the initiating gene of trichothecene synthesis, and plays an important role in
Fusarium spp. pathogenicity [43]. In this study, neutral (L-Thr), basic (L-His) and acidic (L-
Asp) AAs were selected to assess the effect on T-2 synthesis and Tri5 expression. Increasing
L-Thr in the GYM medium significantly activated the T-2 production of Fo17, ΔFoTap42
and ΔFoTap42-C (p < 0.05) with the concentrations of T-2 at 70 mg/mL L-Thr, 13.86, 16.87
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and 13.85 ng/mL, respectively. Compared with the control group, a significant increase
(p < 0.05) in Tri5’s expression of Fo17 was observed in the 50–70 mg/mL L-Thr groups.
ΔFoTap42 showed a marked activation of Tri5 expression in the 10–70 mg/mL L-Thr groups.
When complemented with the Tap42 gene, the Tri5 expression was significantly increased
(p < 0.05), but only in the 70 mg/mL L-Thr group (Figure 3A). Similarly, 10–70 mg/mL
L-His addition significantly increased (p < 0.05) the T-2 production of Fo17, ΔFoTap42
and ΔFoTap42-C, with the T-2 concentrations reaching 33.03, 31.66 and 32.75 ng/mL,
respectively, in the 70 mg/mL L-His added group. However, the Tri5 expression of Fo17
increased, but the increase in amplitude of ΔFoTap42 and ΔFoTap42-C were lower than in
Fo17 (Figure 3B). In the L-His group, higher T-2 production and lower Tri5 expression were
observed in ΔFoTap42, which may due to the lack of the TORC1-Tap42 gene, thus reducing
the sensitivity to L-His and, therefore, reducing Tri5 signal transduction. However, T-2
synthesis is not only regulated by Tri5. Multiple trichothecene synthetic gene clusters,
such as three P450 oxygenase genes, Tri4, Tri11 and Tri13 [44]; esterase gene Tri8 [45]; and
acetyltransferase genes Tri3 and Tri7 [46] also affect T-2 synthesis. Conversely, 10 mg/mL
L-Asp addition significantly increased (p < 0.05) T-2 production and Tri5 expression, while
L-Asp addition gradually reduced T-2 production and Tri5 expression in Fo17, ΔFoTap42
and ΔFoTap42-C, which indicated that a low dosage of L-Asp led to a significant increase in
the growth and T-2 production of F. oxysporum, whereas a high dosage reduced this effect.
An inhibitory effect of Tri5 expression was detected in ΔFoTap42 following the addition of
70 mg/mL L-Asp. Thus, acidic AA L-Asp showed a significant reduction in Fusarium sp.
growth and metabolism at a relatively high dose (Figure 3C). The inhibitory effect of L-Asp
has been well-studied and applied for fungal inhibition in food products. Bitu et al. [47]
used L-Asp combined with Th (IV) and Zr (IV) ions to synthesize new peroxo complexes,
and demonstrated high antibacterial activity in Aspergillusflavus, Penicillium sp., Candida sp.
and Aspergillus niger. Thus, based on its excellent antifungal properties, L-Asp can be used
as an additive in the development of natural preservatives.

3.4. L-Thr, L-His and L-Asp Activated Tap42 Interacting Proteins and Metabolic Pathways

A Tap42 expression vector was constructed using BamHi-XhoI restriction enzyme
digestion. Two bands (3359 bp and 5192 bp) were observed in the pET-28a (+) plasmid
vector after PCR amplification, indicating that the target gene, Tap42, was cloned into the
expression vector (Figure 4A). Through comparative analysis, the pET28a(+)-Tap42 expres-
sion vector was found to be ~140 kDa. E. oil was transformed with the correctly identified
positive clone plasmid, and single bacterial colonies were selected for induction expression.
The results of SDS-PAGE electrophoresis are shown in Figure 4B. The recombinant strain
induced by IPTG showed a fusion protein, pET28a(+)-Tap42, with a target band of ~140 kDa
(electrophoretic band 2–4), but not the non-induced strain (electrophoretic band 1). A puri-
fied protein (~140 kDa) was obtained after washing and eluting the protein (electrophoretic
band 3) (Figure 4C). Based on SDS-PAGE, no significant interacting proteins of Fo17 were
detected in the GYM medium (electrophoretic band 1). In the L-His group, clear protein
bands were detected at ~10 and 39–43 kDa (electrophoretic band 2). In the L-Thr group, as
well, clear protein bands were evident at ~10, 27 and 39–52 kDa (electrophoretic band 3).
In the L-Asp group, bands were found at ~10, 27 and 39–52 kDa (electrophoretic band 4)
(Figure 4D).
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Figure 3. Effects of L-Threonine (L-Thr) (A), L-Histidine (L-His) (B) and L-Aspartic acid (L-Asp)
(C) on T-2 toxin production and Tri5 expression of different strains (n = 3), cultured at 28 ◦C for 14 d.
The control was cultured in GYM medium. (a–c): T-2 toxin production of wild-type Fo17, ΔFoTap42
and ΔFoTap42-C; (d–f): Tri5 expression of wild-type Fo17, ΔFoTap42 and ΔFoTap42-C. Different letters
“a–d” in the same plot indicate significant differences (p < 0.05).
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Figure 4. (A) PCR amplification analysis of a plasmid digested by the XbaI-XhoI enzyme. A1: plasmid;
A2: XbaI-XhoI digestion plasmid; M: DNA marker. (B) Prokaryotic expression of pET28a(+)-Tap42
fusion protein. B1: protein not induced by IPTG, B2-B4: clone 1–3 protein induced by IPTG. (C) Pu-
rification of pET28a(+)-Tap42 fusion protein. M: marker; C1: unpurified protein; C2: washed protein;
C3: eluted protein; M: molecular protein marker. (D) Co-immunoprecipitation products of Tap42
protein identified by SDS-PAGE. D1: GYM control group, D2: L-Histidine (L-His)-treated group,
D3: L-Threonine (L-Thr)-treated group; D4: L-Aspartic acid (L-Asp)-treated group, M: molecular
protein marker.

By Q Exactive LC-MS/MS analysis, 172, 201 and 89 potential interacting proteins of
Tap42 were detected in the L-Thr, L-His and L-Asp treatment groups, respectively. A total
of 86 interacting proteins co-existed in the three treatment groups. In the L-Thr and L-His
groups, 84 similar interacting proteins were detected. However, only 1 and 2 interacting
proteins from the L-Thr and L-His groups were similar to those observed in the L-Asp
group (Figure 5). Based on mass analysis, the common potential interacting proteins with
Tap42 treatment after L-Thr, L-His and L-Asp treatments were mostly DNA topoisomerase
2, glyceraldehyde-3-phosphate dehydrogenase 2, heat shock 70 kDa protein, elongation
factor 1-alpha, actin, plasma membrane ATPase, enolase, transaldolase and ATP-dependent
RNA helicase and citrate synthase (Table 2). Comparative analysis showed that the L-His
and L-Asp groups specifically activated the ribosome-associated molecular chaperone SSB1,
regulated by SSB1, and phosphoglycerate kinase regulated by pgkA, respectively. In the L-
Thr and L-His groups, pyruvate decarboxylase regulated by pdcA was markedly activated.
L-His specifically activated the Tubulin alpha-B chain regulated by tba-2 (Table 3). DNA
topoisomerases were the enzymes mostly responsible for the encapsulation of double-helix
DNA and the transcription of proteins, and were shown to play an important role in the
growth and metabolism of fungi [48]. Candida albicans and Aspergillus niger have high
levels of both type I and type II topoisomerases, and increase pathogenicity by converting
cellular proteins [49]. Therefore, the inhibition of DNA topoisomerases activity is also an
important target of antifungal drugs [50]. Glyceraldehyde 3-phosphate dehydrogenase
is an enzymatic protein highly related to the catalyzation of oxidation (dehydrogenation)
and phosphorylation of glyceraldehyde 3-phosphate to generate 1, 3-diphosphate glyceric
acid, which is the central link to the glycolytic pathway and, hence, plays an important role
in glycometabolism [43]. In addition, Tap42-related enolase and pyruvate decarboxylase
are important enzymes in the glycolytic pathway, and play important roles in maintaining
cell wall protection and fungal pathogenicity [51]. The interaction of Tap42 with these
enzymatic proteins cultured in GYM medium indicates that the growth and metabolism of
Fusarium firstly utilize glucose through the glycolytic pathway to acquire energy.
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Figure 5. The common and specific numbers of potential Tap42-interacting proteins in F. oxysporum
following L-threonine (L-Thr), L-Histidine (L-His) and L-Aspartic acid (L-Asp) treatments (n = 3).

Table 2. Common potential interacting proteins of the Tap42 immunoprecipitation products treated
by L-Thr, L-His and L-Asp, identified by mass spectrometry.

Accession Gene Name Protein Name Molecular Mass Score

O93794 TOP2 DNA topoisomerase 2 161,402 1039
P17730 gpd2 Glyceraldehyde-3-phosphate dehydrogenase 2 36,198 904
P54117 GPDA Glyceraldehyde-3-phosphate dehydrogenase 36,405 795
P06786 TOP2 DNA topoisomerase 164,626 784
P35143 GPDA Glyceraldehyde-3-phosphate dehydrogenase 36,500 712
Q01233 hsps-1 Heat shock 70 kDa protein 70,738 683
Q01372 tef-1 Elongation factor 1-alpha 49,983 612
Q6TCF2 ACT Actin 41,809 604
Q07421 PMA1 Plasma membrane ATPase 99,393 554
Q6RG04 ENO1 Enolase 47,388 553
Q76KF9 enoA Enolase 47,264 545
Q01765 TEF Elongation factor 1-alpha 50,215 500
P23704 atp-2 ATP synthase subunit beta 55,556 464

A0A075DVI9 FPRO05_10296 Transaldolase 35,571 389
P10592 SSA2 Heat shock protein SSA2 69,599 368
P37211 atp-1 ATP synthase subunit alpha 59,713 318
P07038 pma-1 Plasma membrane ATPase 100,280 299
Q96X45 cot-3 Elongation factor 2 93,545 270
A7EGL7 tif1 ATP-dependent RNA helicase eIF4A 45,088 237
Q8X097 B14D6.310 ATP-citrate synthase subunit 1 73,037 201
P28876 pma2 Plasma membrane ATPase 2 110,743 199
Q99002 BMH1 14-3-3 protein homolog 30,094 195
C7YTD6 RPS1 40S ribosomal protein S1 29,288 185
Q99170 KAR2 reticulum chaperone BiP 73,593 178
P34085 cit-1 Citrate synthase 52,241 166
C7C436 mcsA 2-methylcitrate synthase 52,184 159
P50142 HSP60 Heat shock protein 60 62,079 158
P0C016 ubi3 Ubiquitin-40S ribosomal protein S27a 17,475 142
Q9P3A7 cdc48 Cell division cycle protein 48 90,354 139
Q5I2J3 TUB1 Tubulin alpha chain 50,737 137
P51044 cit-1 Citrate synthase 52,406 135
P24634 tubB Tubulin alpha-2 chain 50,541 126
Q8J0N6 FBA2 Fructose-bisphosphate aldolase 2 39,973 126

Q5AWS6 cdc48 Cell division control protein 48 90,769 124
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Table 2. Cont.

Accession Gene Name Protein Name Molecular Mass Score

O13639 pi047 Adenosylhomocysteinase 47,866 121
Q7RVA8 ace-8 Pyruvate kinase 58,290 115
P49382 AAC ADP, ATP carrier protein 33,187 111
Q12629 PDC1 Pyruvate decarboxylase 61,905 110
Q6C1F3 ENO Enolase 47,277 108
Q9HES8 pyc Pyruvate carboxylase 131,526 106
P87252 hex-1 Woronin body major protein 19,229 104
Q7RVI1 rps-5 40S ribosomal protein S5 23,836 103

The Tap42 potential interacting proteins of F. oxysporum, cultured in GYM medium, with L-threonine (L-Thr),
L-Histidine (L-His) and L-Aspartic acid (L-Asp) (n = 3). A high score indicates that the protein is closely related
to Tap42.

Table 3. Proteins of F. oxysporum potentially interacting with Tap42, activated by specific amino acids.

Amino Acid Treatment Accession Gene Name Protein Name Molecular Mass Score

L-His group L-Asp group P11484 SSB1 Ribosome-associated
molecular chaperone SSB1 66,732 234

P41756 pgkA Phosphoglycerate kinase 44,413 209
L-Thr group L-His group Q0CNV1 pdcA Pyruvate decarboxylase 63,206 111

L-His group P38669 tba-2 Tubulin alpha-B chain 50,675 72

The Tap42 potential interacting proteins of F. oxysporum cultured in GYM medium with L-threonine (L-Thr),
L-Histidine (L-His) and L-Aspartic acid (L-Asp) addition (n = 3). A high score indicates that the protein is closely
related to Tap42.

According to KEGG enrichment analysis, Tap42-interacting proteins were mostly
derived from metabolism, genetic information processing, cellular processes and environ-
mental information processing. Most of the interacting proteins came from the metabolic
pathways, mainly from glycerophospholipid metabolism, pentose phosphate pathway, gly-
oxylate and dicarboxylate metabolism, glycolysis, gluconeogenesis, methane metabolism
and glutathione metabolism. The related secondary metabolic pathways were galactose
metabolism, fatty acid biosynthesis, fatty acid degradation, steroid biosynthesis, pheny-
lalanine metabolism, one carbon pool by folate, citrate cycle, TCA cycle and oxidative
phosphorylation (Figure 6).

KEGG enrichment analysis showed that the proteins potentially interacting with
Tap42 were from the mitogen-activated protein kinase (MAPK) signaling pathway and
Hippo signaling pathway. The MAPK signaling pathway is composed of mitogen-activated
protein kinase, which is involved in the intracellular signal regulation system and can be
activated by different extracellular stimuli, such as cytokine neurotransmitter hormones,
cell stress and cell adhesion [52,53]. Many reports have shown that the MAPK pathway
is significantly associated with the regulation of the TORC1 pathway [54]. The Hippo
signaling pathway mainly inhibits cell growth and regulates cell proliferation, apoptosis
and stem cell self-renewal [55]. Recent studies have shown that the Hippo signaling
pathway is closely related to cancer genesis, tissue regeneration and stem cell function
regulation [56]. Identification of the associated signaling pathway provides a theoretical
basis for the further exploration of the interaction network of Fusarium pathogenicity when
exposed to different amino acid conditions, and also provides important information for
the further control of fungal contamination in high-protein fermented foods.
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Figure 6. The KEGG enrichment analysis of the signaling pathway of Tap42, potentially interacting
with proteins of F. oxysporum Fo17 cultured with L−threonine (L−Thr), L−Histidine (L−His) and
L−Aspartic acid (L−Asp) (n = 3).

4. Conclusions

Exposure to free AAs (as N sources) showed a significant effect on the growth and
metabolism of F. oxysporum regulated by Tap42. The absorption of L-Ile and L-Tyr was
regulated by Tap42. Acidic (L-Asp, L-Glu) and S-containing (L-Cys, L-Met) AAs were not
conducive to F. oxysporum growth, and were not regulated by Tap42. The addition of L-Ile
and L-Pro activated sporulation in ΔFoTap42, but this was negatively regulated by Tap42,
while L-His and L-Ser inhibited sporulation in ΔFoTap42, which was positively regulated by
Tap42. Acidic AA showed a remarkable inhibitory effect on T-2 toxin production positively
regulated by Tap42. Neutral (L-Thr) and alkaline (L-His) AAs significantly activated the
T-2 synthesis and Tri5 expression of Fusarium, while L-Asp showed an inhibitory effect at
relatively high doses. The co-immunoprecipitation analysis showed that the interacting
proteins of Tap42 were activated by L-The, L-His and L-Asp control metabolism; genetic
information processing; cellular processes and environmental information processing. L-
Asp inhibited the effects on Fusarium spp. growth and metabolism, and, thus, could be
used as an inhibitor to further control fungal contamination in fermented foods.
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Abstract: Dry-cured ham (DCH) could support the growth of Staphylococcus aureus as a halo-
tolerant bacterium, which may compromise the shelf-stability of the product according to the
growth/no growth boundary models and the physicochemical parameters of commercial DCH.
In the present study, the behavior of S. aureus is evaluated in sliced DCH with different water ac-
tivity (aw 0.861–0.925), packaged under air, vacuum, or modified atmosphere (MAP), and stored
at different temperatures (2–25 ◦C) for up to 1 year. The Logistic and the Weibull models were
fitted to data to estimate the primary kinetic parameters for the pathogen Log10 increase and Log10

reduction, respectively. Then, polynomial models were developed as secondary models following
their integration into the primary Weibull model to obtain a global model for each packaging. Growth
was observed for samples with the highest aw stored at 20 and 25 ◦C in air-packaged DCH. For
lower aw, progressive inactivation of S. aureus was observed, being faster at the lowest temperature
(15 ◦C) for air-packaged DCH. In contrast, for vacuum and MAP-packaged DCH, a higher storage
temperature resulted in faster inactivation without a significant effect of the product aw. The results of
this study clearly indicate that the behavior of S. aureus is highly dependent on factors such as storage
temperature, packaging conditions and product aw. The developed models provide a management
tool for evaluating the risk associated with DCH and for preventing the development of S. aureus by
selecting the most appropriate packaging according to aw range and storage temperature.

Keywords: predictive microbiology; ready-to-eat meat products; shelf-stable food; food safety

1. Introduction

Dry-cured ham (DCH) has traditionally been considered a safe and microbiologically
shelf-stable product because of the combination of hurdles (e.g., low moisture, high salt
content and the presence of curing agents) that contribute to inhibiting pathogen growth
and/or even promote pathogen inactivation [1–3]. However, DCH with high aw has
been reported to be associated particularly with commercial pre-packaged sliced products,
which may compromise food safety [4]. For instance, according to the survey performed by
Hereu [5], 50% of the DCH products sampled from retail showed an aw equal to or higher
than 0.92.

Serra-Castelló et al. [6] reported a progressive inactivation of Listeria monocytogenes in
vacuum-packaged Serrano and Iberian DCH (aw = 0.85–0.91) stored at different temper-
atures (4 to 25 ◦C). Salmonella viability also decreased on vacuum-packaged DCH stored
at 1 to 25 ◦C [7]. However, compared with other pathogens, Staphylococcus aureus is a
pathogen of concern for DCH due to its halotolerant nature, which enables it to grow over
many adverse conditions, including at low aw (≥0.83) and with high salt concentrations
(up to 20%) [8–10]. Enterotoxigenic S. aureus strains are able to produce staphylococcal
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enterotoxins (SEs) when the concentration exceeds 5 Log10 CFU/g, although SE production
requires higher aw (i.e., 0.86) than growth [10–12].

The behavior of S. aureus has been quite widely studied through challenge tests under
laboratory conditions in which food characteristics are mimicked [13–15]. However, only a
few studies have evaluated the behavior of S. aureus on DCHs through challenge testing.
Christieans et al. [16] observed no growth at 8 ◦C for any of the aw studied (0.89–0.96).
Conversely, growth was found on DCH samples stored at 20 ◦C regardless of the aw. In
another study, S. aureus growth on slices of vacuum-packaged DCH was reported at the
highest temperature (25 ◦C); however, no SE was produced after storage for 28 days at
2 and 25 ◦C [1]. Márta et al. [17] detected SE in Serrano ham with low aw and high salt
and fat levels after 5 days when stored aerobically at 23 ◦C. Unterman and Müller [18]
showed that in minced DCH with aw of 0.89, enterotoxin was produced when it was stored
at 35 ◦C for 7 days. These studies tested specific experimental conditions, but none of them
were designed to simultaneously cover a wide range of aw, storage temperature (from
refrigeration to room temperature) and atmosphere compositions (such as air, vacuum
and modified atmosphere packaging (MAP) with CO2) usually found in commercial DCH.
Accordingly, additional studies are needed to be able to draw conclusions regarding the
conditions that pose a risk. In this respect, the development and application of predictive
models, if available, represent a valuable complementary approach to challenge testing
to quantitatively characterize the behavior of pathogens in food [19], to identify either
the growth/no growth boundaries, or the growth or the inactivation (survival) kinetics
throughout storage [20], which are used to assess the impact of relevant intrinsic and
extrinsic factors taking into account the DCH variability [21–23].

The overall aim of the present study was to evaluate the behavior of S. aureus in Spanish
dry-cured ham considering intrinsic (aw and pH) and extrinsic factors (storage temperature
and packaging conditions) through predictive modeling and challenge testing approaches.
First, the physicochemical characteristics of pre-packaged sliced DCH were used as inputs
of selected growth/no-growth (G/NG) models to assess the growth probability of S. aureus
at different temperatures (Study 1). Afterwards, the growth of S. aureus was evaluated
through challenge testing in DCH slices packaged using different packaging methods (air,
vacuum and MAP) and stored at different temperatures (2 to 25 ◦C) with the subsequent
development of three predictive models (Study 2).

2. Materials and Methods

2.1. Dry-Cured Ham (DCH) Samples

For Study 1, a total of 20 pH and aw historical data provided by a food producer of
Spanish DCH, corresponding to different batches and representative of their products, were
used. Data representing the physicochemical characteristics of the sliced product (before
the final packaging) was used.

For Study 2, blocks of deboned DCH (pH 5.80 ± 0.06) showing three different levels of
aw—low, medium and high—were provided by the same food producer and were selected
to cover the range of aw variability usually found (ca. 0.860, 0.901, 0.925, respectively). To
equalize the value of aw throughout the matrix, DCH blocks were vacuum packaged and
stored at 4 ◦C for 15 days. In this way, the differences in aw value within different sections
of a DCH block were lower than 0.028.

Figure S1 shows a graphical summary of the experimental design of Study 1 and
Study 2.

2.2. Challenge Test
2.2.1. Inoculum Preparation

A cocktail of three strains of S. aureus was used: CECT976 (SEA producer) and
CECT4466 (SED producer), from the Spanish Type Culture Collection, and CTC1008, as
a meat isolate from the IRTA culture collection. Each strain was independently grown in
Brain Heart Infusion (BHI) broth (Becton Dickinson, Sparks, MD, USA) at 37 ◦C for 24 h.
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The cultures were cryopreserved at −80 ◦C with 20% glycerol until use. Thawed cultures
of each strain were mixed at equal concentrations before being inoculated on DCH.

2.2.2. DCH Inoculation

DCH was aseptically sliced (ca. 20 g/slice) and inoculated in a laminar flow cabinet.
The cocktail of the S. aureus strains was inoculated on the surface of DCH slices at 0.5%
(v/w) to reach a different final concentration, i.e., from 5 × 102 (to characterize growth) to
2.5 × 106 CFU/g (to characterize inactivation). For air- and vacuum-packaged samples, the
inoculum was spread on the surface with a single-use Digralsky spreader. The DCH was
packaged in PA/PE bags (oxygen permeability of 50 cm3/m2/24 h and a low water vapor
permeability of 2.8 g/m2/24 h; Sistemvac, Estudi Graf SA, Girona, Spain) thermosealed or
vacuum packaged (EV-15-2-CD; Tecnotrip, Terrassa, Spain), respectively. Meanwhile, MAP
samples were inoculated after packaging (80% N2 and 20% CO2) with a sterile syringe
through a septum to avoid gas leakage.

2.2.3. DCH Storage and Sampling

DCH samples were stored at different temperatures depending on the packaging type:
air-packaged samples were kept at 15, 20 and 25 ◦C; vacuum-packaged samples at 2, 8, 15,
20 and 25 ◦C; and MAP samples at 2, 8, 15 and 25 ◦C. Storage time ranged from 1 month
for the DCH with the highest aw at the highest temperature up to 1 year for the DCH with
the lowest aw at the lower temperature. Sampling points were distributed throughout the
storage time. A total of 36 experimental conditions combining aw, packaging format and
storage temperature were assayed (resulting in 615 data points).

2.3. Microbiological and Physicochemical Determinations

For microbiological analysis, 10 g of sample were transferred into a bag blender
Smasher® (bioMérieux, Marcy-l’Étoile, France) and 10-fold diluted and homogenized in
physiological saline (0.85% NaCl and 0.1 % Bacto Peptone (Becton Dickinson, Sparks, MD,
USA)) for 60 s with a SmasherTM device (bioMérieux Espãna S.A, Madrid, Spain). Serial
decimal dilutions were prepared in physiological saline. Enumeration of S. aureus was
performed on selective and differential chromogenic agar (CHROMagar Staphylococcus,
CHROMagar, Paris, France) incubated at 37 ◦C for 48 h. LAB levels were determined in
Man–Rogosa–Sharpe (MRS) agar (Merck, Darmstadt, Germany), incubated at 30 ◦C for
72 h anaerobically in sealed jars with an AnaeroGen sachet (Oxoid Ltd.)

The aw was measured with an AquaLabTM instrument (Series 3; Decagon Devices
Inc., Pullman, WA, USA). The pH was measured with a penetration probe (52-32; Crison
Instrument SA, Alella, Spain) connected to a portable pH meter (PH25; Crison Instru-
ments). The detection of SEs was determined according to ISO 19020 [24] by automated
immunofluorescence.

The gas concentration of MAP-packaged samples was measured with the gas analyzer
PBI Dansensor CheckMate II (Ametek Instrumentos, S.L.U., Barcelona).

2.4. Predictive Microbiology Approaches
2.4.1. Growth/No Growth Prediction

For Study 1, predictive models about G/NG boundaries for S. aureus were used to
identify the pH and aw combinations defining the 10% probability (as a moderately con-
servative threshold) and predict the growth probability of S. aureus associated with the
physicochemical characteristics of commercial DCH (Section 2.1). The main features of the
selected predictive models used are summarized in Table S1. The G/NG model of Borne-
man et al. [25] is a logistic regression-based polynomial that determines the probability
of S. aureus growth on vacuum-packaged RTE meat products at 21 ◦C with pH and aw as
input factors. Polese et al. [14] used a gamma-concept model with pH, aw and temperature
as input factors, and the model was tested for a variety of foods stored between 2 to 30 ◦C.
Finally, the model available in the Sym’Previus [26] portal predicts the G/NG interface for
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S. aureus depending on aw, pH and temperature using a gamma-concept approach and the
mean cardinal parameters for the growth of eight S. aureus strains.

2.4.2. Primary Model Fitting

For Study 2, challenge test data were used to estimate kinetic parameters of growth
or inactivation by fitting a primary model. For each data point, the Log10 change in the
concentration in relation to the initial inoculum concentration (e.g., Log10 increase or Log10
reduction) was calculated as Log10 (N/N0), N is the concentration (CFU/g) at the sampling
time and N0 is the initial concentration (CFU/g) after inoculation of DCH samples.

For conditions supporting the growth of S. aureus, the Logistic model (Equation (1)) [27]
was used to estimate the growth kinetic parameters.

For t < λ, Log
(

Nt
N0

)
= 0

For t ≥ λ, Log
(

Nt
N0

)
= Log

(
MGP

1+(MGP−1)∗(exp(−μmax∗(t−λ)))

) (1)

where N0 is the concentration of the pathogen (CFU/g) at time zero; Nt is the concentration
of the pathogen (CFU/g) at time t; MGP is the maximum growth potential as the ratio
Nmax/N0 (Nmax is the maximum population density, CFU/g); λ is the lag time (h); μmax is
the maximum specific growth rate (ln/h); and t is the storage time (h).

For conditions causing the inactivation of S. aureus, the Weibull model (Equation (2)) [6]
was used to estimate the inactivation kinetic parameters.

Log
(

N
N0

)
= −

(
t
δ

)p
(2)

where Log10 (N/N0) is the inactivation in Log10 reduction (Log10 units) at a given time (t)
of the storage, being equal to 0 at storage time 0; t is the storage time (h); δ is the time (h)
for the first Log10 reduction and p is the shape of the inactivation curve.

Model fitting was performed with the nls2 package of R software [28]. In addition to
the standard error of the estimates, to evaluate the goodness of fit, the Root Mean Square
Error (RMSE) values were calculated.

2.4.3. Secondary and Global Model Fitting

To evaluate the effect of storage temperature and DCH’s aw on the inactivation kinetics
parameters (δ, p), a secondary model was developed based on a second-order polynomial
equation (Equation (3)) for each packaging condition.

y = a + b·X + c·X2 (3)

where y is the dependent variable, i.e., the primary kinetic parameter (e.g., δ), X is the
independent variable, i.e., the environmental factor (e.g., temperature), and a, b and c are
the model coefficients to be estimated.

Different parameter transformations (including square root and Log10) were assessed.
The stepwise linear regression was applied throughout the step function of the R soft-
ware [28] to obtain the polynomial models with only significant parameters according to
the parsimony principle. In addition to the standard error of the estimates, the goodness of
fit was assessed in terms of RMSE and the adjusted coefficient of determination (R2

adj).
In addition to the classical two-step modeling (primary and secondary model fit-

ting), the one-step modeling approach was applied by integrating the secondary poly-
nomial model for δ into the primary Weibull model. The global model was fitted to
the whole dataset to obtain a global model with re-adjusted coefficients for each type
of packaging [29,30]. Estimation of the model parameters with the standard error was
carried out using nls2 package of R software [28]. The goodness of fit of the global model
was assessed on the basis of RMSE. The F-test (Equation (4)) was used to evaluate the
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statistical differences (p < 0.05) between the models developed to characterize the behavior
of S. aureus in air, vacuum, and MAP conditions [31].

F =
(RSS NH − RSSAH)/(d f NH − d f AH)

RSSAH − d f AH
(4)

where RSSNH and dfNH are the Residual Sum of Squares and the degrees of freedom (number
of points minus the number of parameters of the model), respectively, of the global model
common to all types of packages (null hypothesis), and RSSAH and dfAH are the Residual
Sum of Squares and the number of degrees of freedom, respectively, of the global model
with specific parameter coefficients for each type of package (alternative hypothesis).

Moreover, due to the statistical correlation between δ and p parameters [32], the F-test
was applied to test the statistical significance of the effect of storage temperature and the
DCH’s aw on the shape of the inactivation curve of S. aureus. The global model with a fixed
p value independent of environmental conditions (null hypothesis) was compared with the
global model with a polynomial model describing the effect of environmental conditions
on the p parameter (alternative hypothesis).

2.4.4. Model Validation

In order to evaluate the predictive performance of the developed model, the Acceptable
Simulated Zone (ASZ) was applied [33]. Independent data were obtained from three
published articles dealing with the behavior of S. aureus in dry-cured ham, with a total
of 80 sampling points: 7 for air-packaged DCH, 24 for vacuum-packaged DCH, and
49 for MAP-packaged DCH. Log10 count data over time were extracted from published
scientific literature using WebPlotDigitizer v.4.4 software. The observed and predicted
Log10 reduction data during the storage time were compared. The predictive performance
of the model was considered acceptable when at least 70% of the independent data were
inside the ASZ ± 0.5 Log10.

3. Results

3.1. Characteristics of Commercial DCH and the Associated Probability of S. aureus Growth
(Study 1)

The distribution of physicochemical characteristics (aw and pH) of commercial vacuum-
packaged DCH is shown in Figure 1, with the prediction of the growth boundaries according
to the predictive models available for S. aureus. Despite a 50% probability of growth being
frequently used to assess the G/NG boundary, in the present study, a growth probability of
10% was used as a conservative reference boundary. Although the variability of the pH
was rather limited (within 5.5. to 6.0), the values of aw were scattered within a range from
0.85 to 0.92, with a considerable proportion (82%) of samples at above 0.88, the minimum
aw for growth reported for anaerobic conditions when the other factors (pH and tempera-
ture) were optimal for growth [34]. In fact, according to the models of Borneman et al. [25]
and Polese et al. [14], for all the observed DCH characteristics, a growth probability higher
than 10% was predicted at temperatures above 15 ◦C, while only 15% of samples would
not support growth (probability below 10%) at these temperatures according to the model
of the Sym’Previus portal [26]. Only when storage temperature decreased to below 8 ◦C
for Polese et al. model [14] and to below 5 ◦C for Sym’Previus model [26] did the growth
probability fall below 10% for almost all samples, indicating that refrigeration storage
would be needed to control the growth of S. aureus in DCH during the shelf life.

However, these predictive models were not specifically developed for DCH, and do not
take into consideration the effect of relevant factors related to the specific characteristics of
the product (i.e., lactic acid concentration, lactic acid bacteria) and packaging (e.g., oxygen
reduction of vacuum packaging and CO2 concentration of MAP), which may contribute to
further inhibiting the growth of S. aureus. Therefore, product-specific studies were required.
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Figure 1. Distribution of pH and aw values of commercial dry-cured ham (DCH, diamond dots) and
pH–aw boundaries for the growth probability of 10% for S. aureus at different temperatures according
to the predictive models (lines) available in Borneman et al. [25] (A), Polese et al. [14] (B) and the
Sym’Previus portal [26] (C).

3.2. Behavior of S. aureus on Sliced DCH Stored under Different Conditions (Challenge Test
Experiment, Study 2)

Growth of S. aureus was observed in three out of the 36 trials, which corresponded
to those where DCH had the highest aw (0.925) stored in air at temperatures ≥20 ◦C and
under vacuum at 25 ◦C (Figures 2 and 3). The growth kinetic parameters estimated for
each trial are shown in Table 1, including the growth rate (μmax) and the maximum growth
potential (MGP). No lag time was observed. In air-packaged DCH, S. aureus increased by
up to 2.7 and 4.54 Log10 units after 1.7 and 4.7 days of storage at 20 and 25 ◦C, respectively.
At 25 ◦C, the growth rate was slightly higher compared to the growth at 20 ◦C. However,
due to the high variability in Log10 increase data (especially at 20 ◦C), growth rates were
not statistically different. Under vacuum, a slight increase in S. aureus (1.62 Log10 units
in 22 days) was observed during the early stages of storage at 25 ◦C in the DCH with the
highest aw. Afterwards, the pathogen started to die off, and growth kinetic parameters
could not be estimated.

42



Foods 2023, 12, 2199

 
Figure 2. Behavior of S. aureus in sliced DCH with different aw (0.861, 0.901 and 0.925) when air
packaged and stored at different temperatures (15, 20 and 25 ◦C). Dots represent the observed
S. aureus values (Log10 N/N0). Lines show the fit of the global model.
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Figure 3. Behavior of S. aureus in DCH sliced with different aw (0.861, 0.901 and 0.925) when vacuum
packaged and stored under different storage temperatures (2, 8, 15, 20 and 25 ◦C). Dots represent the
observed S. aureus values (Log10 N/N0). Lines show the fit of the global model.

Under the rest of assessed conditions, inactivation of S. aureus was observed, and the
kinetic parameters estimated with the Weibull model fit, i.e., the time for the first Log10
reduction (δ) and the shape of the inactivation curve (p) were obtained (Table 1).

In air-packaged DCH with medium aw (0.902) and low aw (0.861), S. aureus con-
centration had decreased by 2.5 Log10 units after 91 days at 20 and 25 ◦C, while higher
inactivation occurred at 15 ◦C, with reductions of 3.66, 3.25 and 3.81 Log10 in DCH with
high, medium and low aw after 91 days, respectively (Figure 2). Higher δ values were
found with increasing storage temperature (Table 1), although the kinetic curve at 20 ◦C
was very similar to that at 25 ◦C (Figure 2). Conversely, similar δ values were observed
for DCH with different aw values for each storage temperature. Regarding the shape of
the inactivation curve, the fit of the Weibull model resulted in p values below 1 for all the
studied conditions, regardless of the storage temperature and DCH aw, indicating a more
pronounced inactivation of S. aureus at the early stages of the storage followed by a sort of
a resistance tail showing a slower inactivation.
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Table 1. Estimated kinetic parameters (for the inactivation or growth) resulting from fitting the
primary models to data obtained for each challenge test of S. aureus on DCH with different aw

contents and types of packaging when stored at various storage temperatures.

Experimental
Conditions

Kinetic Parameters a Goodness of Fit b

Packaging aw
Temperature

(◦C)

Inactivation
Weibull Model

Growth
Logistic Model

n RMSE
δ

(Days)
p μmax

(ln/h)
MGP

(Log10)

Air

0.861
15 2.26 ± 1.43 0.34 ± 0.07 - - 15 0.446
20 12.38 ± 3.64 0.48 ± 0.09 - - 15 0.369
25 19.01 ± 6.15 0.68 ± 0.17 - - 15 0.553

0.901
15 1.53 ± 1.03 0.30 ± 0.06 - - 15 0.389
20 14.21 ± 3.88 0.58 ± 0.10 - - 17 0.453
25 19.11 ± 4.30 0.80 ± 0.13 - - 17 0.435

0.925
15 4.29 ± 1.56 0.44 ± 0.06 - - 18 0.465
20 - - 0.12 ± 0.06 1.29 ± 0.14 25 0.584
25 - - 0.17 ± 0.04 2.67 ± 0.19 24 0.737

Vacuum

0.861

2 271.65 ± 15.04 1.11 ± 0.15 - - 18 0.135
8 143.59 ± 14.01 1.11 ± 0.15 - - 18 0.271

15 66.56 ± 8.23 1.07 ± 0.25 - - 16 0.325
20 18.79 ± 2.25 0.58 ± 0.04 - - 24 0.264
25 16.81 ± 2.29 0.50 ± 0.04 - - 24 0.255

0.901

2 210.43 ± 14.81 1.27 ± 0.20 - - 18 0.219
8 97.69 ± 13.21 0.82 ± 0.11 - - 18 0.305

15 60.01 ± 7.60 1.24 ± 0.29 - - 17 0.395
20 20.57 ± 2.28 0.73 ± 0.05 - - 24 0.316
25 14.06 ± 3.10 0.64 ± 0.08 - - 23 0.551

0.925

2 223.31 ± 16.41 1.30 ± 0.23 - - 18 0.232
8 126.57 ± 18.30 1.11 ± 0.19 - - 18 0.393

15 64.04 ± 3.77 1.74 ± 0.19 - - 17 0.209
20 31.25 ± 2.98 0.95 ± 0.07 - - 34 0.347
25 38.55 ± 6.83 1.70 ± 0.45 - - 33 0.936

MAP

0.861

2 324.91 ± 68.51 2.66 ± 2.12 - - 14 0.332
8 199.73 ± 18.99 1.66 ± 0.47 - - 15 0.343

15 104.76 ± 80.30 0.42 ± 0.28 - - 14 0.516
25 27.45 ± 5.12 0.67 ± 0.08 - - 17 0.386

0.901

2 506.40 ± 252.13 1.80 ± 1.56 - - 16 0.301
8 202.56 ± 14.40 2.04 ± 0.30 - - 16 0.292

15 77.35 ± 2.66 2.61 ± 0.22 - - 16 0.163
25 29.39 ± 3.32 0.77 ± 0.04 - - 18 0.310

0.925

2 478.37 ± 126.42 1.16 ± 0.44 - - 16 0.193
8 112.95 ± 18.42 0.47 ± 0.09 - - 16 0.247

15 73.63 ± 14.38 0.88 ± 0.32 - - 19 0.411
25 36.73 ± 7.60 0.90 ± 0.13 - - 20 0.622

a: Parameter estimate ± standard error: “-” not applicable b: n number of data points used for model fitting;
RMSE: root mean squared error (Log10 units).

Under vacuum conditions, the progressive inactivation of S. aureus after a slight
increase during the first 22 days in DCH with the highest aw stored at 25 ◦C resulted in
an overall 4.05 Log10 reduction after 91 days. For the rest of the temperatures studied,
S. aureus was unable to grow at all (Figure 3). Instead, a progressive reduction was observed,
which was dependent on the storage temperature but not on the product aw. Contrary to
air-packaged DCH, for vacuum-packaged the time for the first Log10 reduction (δ value)
decreased as the temperature increased from 2 to 25 ◦C (Table 1).
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Storage under MAP promoted the loss of viability of S. aureus in all combinations
of aw and temperature tested from the beginning of the storage. As in other packaging
types, the aw of DCH had no relevant effect on inactivation (Figure 4), with similar δ values
for DCH with different aw for each storage temperature. The extent of the inactivation in
MAP tended to be lower than under vacuum-packaged conditions. Moreover, at the lowest
temperature (2 ◦C), no microbiologically relevant inactivation (less than 1 Log10) occurred
in DCH with medium and high aw during the 365 days of storage, making the estimates of
δ values higher than the studied storage time.

 
Figure 4. Behavior of S. aureus in sliced DCH with different aw (0.861, 0.901 and 0.925) when MAP
packaged and stored under different storage temperatures (2, 8, 15 and 25 ◦C). Symbols represent the
observed S. aureus inactivation (Log10 N/N0). Lines show the fit of the global model.
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3.3. Physicochemical Determinations and Lactic Acid Bacteria Counts

The physicochemical characteristics were measured throughout the study. As all DCH
samples were packaged with impermeable bags, values of aw of DCH did not change
during the storage at any temperature. The values of pH changed slightly depending on
the packaging type and temperature or the aw values (Table S2). The behavior of LAB
levels during the storage time depended on the aw of the DCH, the packaging type and the
storage temperature (Table S3). Under air packaging, LAB was not able to grow at lower
aw, irrespective of the temperature; LAB was able to grow only in the DCH with medium
and high aw at all three temperatures tested, with a slight pH reduction (i.e., a 4.39 Log10
increase in LAB was associated with a 0.17 pH decrease in DCH with high aw stored at
25 ◦C). Under vacuum packaging gand MAP, a similar trend was observed. At lower
temperatures, no LAB growth was observed. Additionally, at higher temperatures (>15 ◦C),
in general, LAB was able to grow, and a reduction in pH was observed, especially at 40 days
of storage.

No differences in the gas composition on MAP-packaged DCH were detected over the
course of the storage time.

The potential occurrence of staphylococcus enterotoxin (SE) was analyzed in DCH
samples where the S. aureus grew at the maximum concentration, which corresponded to
air-packaged DCH with higher aw stored at 25 ◦C (6.38 and 5.87 Log10 CFU/g). No SEs
were detected.

3.4. Secondary and Global Modeling

To describe the effect of storage temperature and aw on the inactivation kinetics of
S. aureus through a polynomial model, different transformations of the parameters (δ and p)
were assessed, and the Log10 transformation of δ values provided the best results. Table 2
gathers the coefficients of the polynomial model and Figure 5 shows the Log10 δ values as a
function of temperature for the three different packaging conditions. Only the temperature,
and not the aw, was found to significantly affect δ values in each packaging type. The effect
of storage temperature on the time for the first Log10 reduction (δ values) in air-packaged
DCH (δ decreased as temperature decreased) was the opposite of that in packaging systems
without oxygen, i.e., vacuum packaging and MAP (δ decreased as temperature increased).

Table 2. Coefficients of polynomial models describing the effect of storage temperature (T, ◦C) on
Log10 δ.

Packaging
Coefficients a Goodness of Fit b

a (Intercept) b (T) c (T2) n RMSE R2
adj

Air −5.254 ± 1.191 0.549 ± 0.125 −0.0115 ± 0.0031 7 0.261 0.675
Vacuum 2.493 ± 0.031 −0.055 ± 0.006 0.0002 ± 0.0002 15 0.141 0.895

MAP 2.752 ± 0.028 −0.068 ± 0.005 0.0007 ± 0.0002 12 0.103 0.947
a Parameter estimate ± standard error. b n: number of data points; RMSE: root mean squared error (Log10 units).

Regarding the p parameter, no clear relationship could be established with either
storage temperature or the product aw, as indicated by the lack of fit of the polynomial
model, not even with the different parameter transformations. Therefore, a fixed parameter
corresponding to the mean p value for all the tested temperatures for each packaging
condition (air, vacuum and MAP) was assumed.

A global (one-step) model integrating the secondary model for δ values into the
Weibull primary model with a fixed p value for each packaging type was fitted to Log10
reduction data. The re-adjusted parameter estimates are shown in Table 3 (see the final
equation in Table S4). All were statistically significant (p < 0.05). Despite the similar trend,
the global model for vacuum and MAP were significantly different according to the F-test
(F = 16.61, p > 0.05); therefore, specific model coefficients for each type of packaging are
needed to predict the inactivation of S. aureus during the storage of DCH.

47



Foods 2023, 12, 2199

Figure 5. Time for the first Log10 reduction (δ value) of S. aureus in dry-cured ham (DCH) as a
function of storage temperature for different packaging conditions (air, vacuum and MAP). Dots are
the values estimated with the primary inactivation model (Weibull) and lines correspond the fit of
the second-order polynomial model to Log10 transformed δ values.

Table 3. Coefficients of the global (one-step) model about the effect of storage temperature (T, ◦C) on
S. aureus inactivation in DCH, integrating the secondary polynomial model into the primary Weibull
model for each packaging type.

Packaging

Coefficients of the Polynomial Models a Goodness of Fit b

δ
p n RMSE

a (Intercept) b (T) c (T2)

Air −1.848 ± 0.844 0.263 ± 0.087 −0.006 ± 0.002 0.495 ± 0.034 112 0.498
Vacuum 2.597 ± 0.086 −0.090 ± 0.013 0.002 ± 0.000 0.768 ± 0.050 311 0.441

MAP 3.088 ± 0.135 −0.133 ± 0.019 0.003 ± 0.001 0.838 ± 0.048 193 0.436
a Parameter estimate ± standard error. b n: number of data; RMSE: root mean squared error (Log10 units).

3.5. Predictive Performance of the Model

The predictive performance of the obtained global models (Table S5) was assessed us-
ing independent data obtained from three scientific articles dealing with S. aureus behavior
during the storage of DCH for each packaging condition (i.e., Christieans et al. [16]; Unter-
mann and Müller [18] and Iacumin et al. [35]), with a total of 80 data points. Considering
an Acceptable Simulation Zone (ASZ) of ±0.5 Log10 units around the model predictions,
85.7% (6/7), 75% (18/24) and 83.67% (41/49) of agreement between the observed values
and the model predictions were found for air, vacuum and MAP packaging, respectively.
These results indicate a good predictive performance of the developed model in the wide
range of aw and temperature conditions assayed (Figure 6, Table S4).
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Figure 6. Observed Log10 reduction values (dot circles) and acceptable prediction
zone −0.5 (fail—safe) to +0.5 (fail—dangerous) from different studies with respect to time (days);
(a–e) data from Christieans et al. [16] in DCH with aw values of 0.888 (a), 0.890 (b), 0.905 (c), 0.921 (d),
0.925 (e); (f) data from Untermann and Müller [18]; (g–j) data from Iacumin et al. [35] stored at 4 ◦C
(g), 10 ºC (h), 15 ◦C (i) and 25 ◦C (j).
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4. Discussion

According to available predictive models, the physicochemical characteristics of most
commercial DCH would support the growth of S. aureus with a probability higher than
10% when stored at >15 ◦C. The challenge test results confirmed the ability of S. aureus to
grow on DCH, with the highest aw tested (0.925) being obtained when stored at ≥20 ◦C
under air conditions. These results are in agreement with those reported in Untermann
and Müller [18] regarding the growth of S. aureus in DCH stored aerobically at temperature
≥20 ◦C, with an aw of 0.918 and a pH of 5.60–6.07. However, staphylococcal enterotoxin
(SE) was not detected in any of the DCH in which the maximum growth was observed
(up to 105 CFU/g). Several studies have reported the production of SEs in different food
matrixes when S. aureus reached 105–106 CFU/g [36–38], while others have reported no
detection of SEs even at pathogen levels of up to 109–1010 CFU/g [39].

In DCH of medium and low aw, under storage temperatures equal to or below 15 ◦C
or when DCH was packaged without oxygen (i.e., vacuum and MAP), the viability of
the pathogen was compromised. It is known that S. aureus grows better under air con-
ditions, as it is a poorly competitive pathogen compared with other microorganisms, in
particular LAB, which usually exerts a growth-inhibitory effect on S. aureus during meat
fermentation processes associated with acidification and the production of antimicrobial
substances [40,41]. In general, greater S. aureus inhibition is observed with higher LAB
concentration and lower pH [42]. Although DCH does not go through a fermentation
process, the DCHs studied in this work (i.e., medium- and high-aw products) supported
the growth of LAB, which grew faster and reached higher concentrations in DCH with
oxygen-reduced packaging (i.e., vacuum packaging and, particularly, MAP) compared
with air-packaged DCH. This LAB growth explains, at least partially, the small amount
and lack of growth of S. aureus observed on DCH when vacuum packaged, as has been
reported for raw beef [37]. Moreover, the addition of CO2 in MAP-packaged DCH may
have favored the selective growth of LAB that, in addition to the antimicrobial effect of
CO2, could promote the greater inactivation of S. aureus behavior.

The progressive loss of viability of microorganisms in harsh conditions occurring in
shelf-stable foods such as DCH has been related to the metabolic exhaustion phenomenon
associated with antimicrobial hurdles [6,43]. Due to this phenomenon, microorganisms
tend to die, and their rate of death is faster when shelf-stability conditions approach the
limits of growth [3], which in the present study would be the storage of DCH with the
highest aw at the highest temperature when vacuum or MAP packaged. Similar behavior
has been reported for L. monocytogenes in vacuum-packaged DCH (aw = 0.85–0.91) stored at
different temperatures (4 to 25 ◦C) [6]. On the contrary, in DCH stored under air conditions,
the inactivation of S. aureus at 15 ◦C was significantly enhanced compared to that observed
at 20 and 25 ◦C. To the best of the authors’ knowledge, there are no previous studies dealing
with the effect of temperature on the non-thermal inactivation of S. aureus in DCH that
compare aerobic and anaerobic environments. However, in the study of Ha et al. [44],
the inactivation of S. aureus inoculated on beef jerky (aw = 0.81) followed a similar trend
during aerobic storage, and δ values at 20 and 25 ◦C were very similar, and were longer
than that at 10 ◦C, confirming the higher inactivation at lower temperature. Therefore, the
non-thermal inactivation seems to be affected by different mechanisms when oxygen is
present compared with the anaerobic conditions occurring in vacuum and MAP. In any
case, the aw of the DCH did not have a significant effect on the S. aureus behavior for any of
packaging types, in contrast to the reported behavior of L. monocytogenes in DCH [6] and
Salmonella in dry-fermented sausages [43]. The halotolerance of S. aureus may explain the
lack of the effect of decreasing the aw of the DCH, at least within the range studied in the
present study.

The modeling approach provided predictive models for the three packaging types with
a satisfactory performance when assessed with independent data, which supports their
suitability for predictive and simulation purposes. This fact provides a management tool
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for evaluating the risk associated with DCH and to prevent the development of S. aureus by
selecting the most appropriate packaging according to aw range and storage temperature.

5. Conclusions

DCH can support the growth of S. aureus at the aw values found in commercial
products (ca. 0.92) when stored at room temperature under aerobic conditions, although no
staphylococcal enterotoxin was detected. Storage temperature ≤15 ◦C and reduced-oxygen
packaging (i.e., vacuum packaging and, particularly, MAP) inhibits S. aureus growth and
promotes its inactivation. The product aw does not affect the survival of S. aureus on
DCH, while the storage temperature has contrary effects in aerobic (higher inactivation
at lower storage temperature) and anaerobic packaging (higher inactivation at higher
storage temperature), suggesting the involvement of different mechanisms depending on
the presence of oxygen in the environment. The predictive models developed are useful
tools for stakeholders (e.g., risk assessors, food business operators, competent authority,
etc.) for assessing and quantifying the behavior of S. aureus on sliced DCH commercialized
in different packaging types as a function of storage temperature.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12112199/s1, Figure S1: Graphical scheme of the experimental
design of Study 1 and Study 2. Table S1: Main features of predictive models for growth/no growth
(G/NG) boundaries of S. aureus used in Study 1; Table S2: pH values of DCH with different aw
content and type of packaging stored at various storage temperatures; Table S3: Lactic acid bacteria
counts (Log10 CFU/g) measured in DCH with different aw content and type of packaging stored at
various storage temperatures; Table S4. Main features of predictive models for growth/no growth
(G/NG) boundaries of S. aureus used in Study 1. Table S5: Comparison of observed and predicted
S. aureus inactivation in sliced DCH.
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Abstract: Cronobacter sakazakii is an opportunistic Gram-negative pathogen that has been identified as
a causative agent of severe foodborne infections with a higher risk of mortality in neonates, premature
infants, the elderly, and immunocompromised populations. The specific pathogenesis mechanisms of
C. sakazakii, such as adhesion and colonization, remain unclear. Previously, we conducted comparative
proteomic studies on the two strains with the stronger and weaker infection ability, respectively,
and found an interesting protein, ESA_00986, which was more highly expressed in the strain with
the stronger ability. This unknown protein, predicted to be a type of invasitin related to invasion,
may be a critical factor contributing to its virulence. This study aimed to elucidate the precise roles
of the ESA_00986 gene in C. sakazakii by generating gene knockout mutants and complementary
strains. The mutant and complementary strains were assessed for their biofilm formation, mobility,
cell adhesion and invasion, and virulence in a rat model. Compared with the wild-type strain, the
mutant strain exhibited a decrease in motility, whereas the complementary strain showed comparable
motility to the wild-type. The biofilm-forming ability of the mutant was weakened, and the mutant
also exhibited attenuated adhesion to/invasion of intestinal epithelial cells (HCT-8, HICE-6) and
virulence in a rat model. This indicated that ESA_00986 plays a positive role in adhesion/invasion
and virulence. This study proves that the ESA_00986 gene encodes a novel virulence factor and
advances our understanding of the pathogenic mechanism of C. sakazakii.

Keywords: Cronobacter sakazakii; ESA_00986; adhesion/invasion; virulence

1. Introduction

Cronobacter spp. is a motile Gram-negative bacillus with the ability to form biofilm. It
is a facultative anaerobic bacterium [1]. Among the seven species of this genus, Cronobacter
sakazakii exhibits the highest prevalence and clinical relevance in the human population [2,3].
It is considered a causative agent of neonatal meningitis and necrotizing colitis [4], which
can result in a high mortality rate of up to 80% [5,6]. In addition to its impact on neonates,
C. sakazakii has the ability to induce severe infections in elderly individuals and people with
compromised immune systems [7]. Numerous studies have suggested that C. sakazakii is
often present in different food types and most clinical cases are associated with powdered
infant formula (PIF) and other infant food products [8].

In recent years, significant advancements have been made in the study of the pathogenic
mechanism of C. sakazakii. Numerous studies have provided evidence that C. sakazakii is
capable of adhering to and invading human intestinal epithelial cells. Additionally, it has
the ability to cross the blood–brain barrier and replicate within macrophages [9,10]. As a
peroral pathogen that can cause systemic infections, C. sakazakii must have the necessary
virulence factors to invade various epithelial and endothelial cells in human and animal
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hosts, evade host defense mechanisms, and traverse the blood–brain barrier. Several viru-
lence determinants have been identified and validated, such as lipopolysaccharides (LPSs),
outer membrane protein A (Omp A), and outer membrane protein X [11]. LPSs play a
crucial role in the invasion of intestinal epithelial cells by C. sakazakii via the disruption of
tight junctions [12–14]. Omp A can interact with glycoproteins on the surface of human
brain microvascular endothelial cells (HBMECs) to mediate adhesion infection [15,16].
Omp X has been confirmed to play a critical role in adhesion to and invasion of Caco-2
cells [17,18]. The flagella of C. sakazakii serve as immune stimuli and can trigger the produc-
tion of pro-inflammatory cytokines in human-derived monocytes [19]. LysR plays a critical
role in the regulation of factors involved in adhesion to and invasion of human intestinal
cells [20]. However, the details of the adhesion and infection mechanisms of C. sakazakii are
still unclear.

Adhesins are one of the most important factors in bacterial adhesion. Some adhesins
exist on fimbriae, which are conducive to the initial adhesion of bacteria to cells. Some
adhesins can recognize and interact with receptors on the cell surface, triggering a series
of signals that rearrange the cytoskeleton of the host cell and induce bacterial uptake.
The Intimin/Invasin (Int/Inv) family encompasses a wide range of proteins that facilitate
bacterial attachment to and/or invasion of host cells. These proteins play a crucial role
in mediating the interaction between the bacterium and its target cells [21]. The Int/Inv
family’s prototype members originate from pathogenic strains of Escherichia coli (Int) [22]
and Yersinia (Inv) [23]. These strains have been extensively studied and serve as important
models for understanding the mechanisms of bacterial attachment and invasion in various
host cell types. Jerse et al. first describe intimin in enteropathogenic and E. coli strains in [24];
it facilitates bacterial entry into eukaryotic cells by engaging in high-affinity binding with
members of the β1 integrin family [25]. Some intimin/invasin proteins contain multiple
bacterial Ig-like domains that are classified as belonging to the Big_1 superfamily [26].
Ig-like domains are present in the surface proteins of bacteria and have been implicated
in bacterial pathogenesis [27]. Previous studies have reported that Yersinia or Salmonella
invasins, which possess Ig domains, are involved in the invasion of different epithelial host
cells such as M and Hep-2 cells [28,29].

In our previous study, we conducted comparative proteomic studies on the two strains
with the stronger and weaker infection ability, respectively. We found an adherence-related
protein, ESA_00986, which was highly expressed in the strain with the stronger ability.
It has typical Ig-like domains typical of intimin/invasin and is presumed to be a protein
in the intimin/invasin family. However, the homolog which is most similar to protein
ESA_00986 is the intimin in E. coli [24], which is only 32% similar. Therefore, the detailed
roles of this gene were unknown. However, the detailed roles of this gene have not been
studied. In this study, the functions of the ESA_00986 gene in C. sakazakii were explored via
gene knockout and complementation. This study plays a significant part in understanding
the detailed role of the ESA_00986 gene in the interactions between C. sakazakii and host
cells, which is greatly helpful in controlling the foodborne pathogen.

2. Experimental Materials and Procedures

2.1. Strains and Plasmids

The strains and plasmids employed in this investigation are presented in Table 1.
Bacteria were stored in LB broth containing 15% glycerol at −80 ◦C and grown on LB agar
medium and in LB broth at 37 ◦C while being continuously shaken at 200 rpm. The broth
contained chloramphenicol and ampicillin at a concentration of 100 μg/mL each.

55



Foods 2023, 12, 2572

Table 1. Bacterial strains and plasmids used in this study.

Strain or Plasmid Genotype or Characteristics Source

Cronobacter sakazakii
ATCC BAA-894 WT ATCC

ΔESA_00986 ΔESA_00986::ampr This study
cpESA_00986 ΔESA_00986 with pACYC184-ESA_00986 This study

E. coli
S17 lambda pir Strain for construction harboring lambda pir 29

Plasmids
pCVD442 Suicide plasmid for deletion: ampr 29

pCVD442-Q-H pCVD442 with homologous arms This study
pACYC184 p15A ori Cmr Tetr

pACYC184-ESA_00986 pACYC184 with ESA_00986 This study

2.2. Construction of ESA_00986 Mutant

The generation of a mutant with a deletion in the ESA_00986 gene was carried out
using a method previously established in [30]. To linearize pCVD442, PCR was per-
formed using primers pCVD442F and pCVD442R (Table 2). The up and down homologous
arms of ESA_00986 were amplified via PCR using the two pairs of primers (ESA_00986
QF/ESA_00986 QR and ESA_00986 HF/ESA_00986 HR) listed in Table 2. To construct
the pCVD442-QH vector, the fragments located upstream and downstream of the target
region were inserted into the linearized pCVD442 suicide vector using a seamless cloning
kit (VAZYME, China). Subsequently, the constructed vector was chemically transformed
into E. coli S17 cells. In the next stage, the vector containing the targeted fragments was
transformed into the wild-type (WT) strain of C. sakazakii ATCC BAA-894 via chemical
transformation. All primer sequences used in these procedures can be found in Table 2.

Table 2. Primers used in this study.

Primer Gene Amplified Primer Sequences (5′-3′) Amplification Size (bp)

pCVD442 F Suicide plasmid for
markerless deletion

CAATAACCCTGATAAATGCTTCAA
6345pCVD442 R CTCATGAGCGGATACATATTTG

ESA_00986 QF Upstream of
ESA_00986 gene

TGATAAATGCTTCAACGTCAGCGTCACCTGGAACG
828ESA_00986 QR GTGGTAGTTCAGGCGACTATTTTCCTGACGGAAACAGACG

ESA_00986 HF Downstream of
ESA_00986 gene

ATAGTCGCCTGAACTACCACAAATGG
780ESA_00986 HR GCGGATACATATTTGCCAGCCCGTCAGTCGTAATG

ESA_00986 1F ESA_00986 gene sequence TACATGGCAACTTATTCTGTATTTAC
1166ESA_00986 1R TGACCATTTGTGGTAGTTCAGG

ESA_00986 2F Both ends of the ESA_00986
gene sequence

GCTCTGTCTCGGTGATGTAG 1620(WT)/600(ΔESA_00986)ESA_00986 2R TGATCCTTCAATCCCAGTAA

2.3. Complementation

The low-copy vector pACYC184 was used to complement the deletion mutants. To con-
struct the complementary plasmid pACYC184-ESA_00986, the primers ESA_00986 1F and
ESA_00986 1R (Table 2) were employed. To construct the ΔESA_00986 complementation,
the pACYC184 plasmid was used, which carried an ESA_00986 gene fragment. The plasmid
was introduced into the ΔESA_00986 mutant strain, resulting in the complementary strain
cpESA_00986 harboring the ESA_00986 gene.

2.4. Growth Curve Analysis

The bacterial growth curve was determined using established protocols as described
previously [31]. In brief, the WT strain, ΔESA_00986, and cpESA_00986 were cultured
overnight in LB medium at 37 ◦C, whereupon the cultures were transferred into
100 mL of fresh culture medium (1:100). Bacterial growth was monitored by measur-
ing the optical density (OD) at 600 nm at hourly intervals for a total of 14 h using a UV-Vis
spectrophotometer. Subsequently, the collected data points were used to plot the bacte-
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rial growth curves. Each sample was replicated three times to ensure the accuracy and
reliability of the obtained results.

2.5. Motility Analysis

The motility of bacteria was evaluated by measuring the migration radius in LB con-
taining 0.3% agar [32]. The WT, ΔESA_00986, and the cpESA_00986 strain were incubated
at 37 ◦C overnight for cultivation. Subsequently, the bacterial cultures were transferred
onto soft agar plates (LB medium containing 0.3% agar) and incubated at 30 ◦C for 16 h.
Afterwards, colony size was observed, and the average migration radius was calculated.

2.6. Hydrophobicity Analysis

To assess hydrophobicity, a xylene contact angle assay was performed following
previously established methods [33]. Bacterial cells were cultured in LB broth overnight
and then subcultured in fresh LB medium at a 1% inoculum. The cultures were grown until
they reached an optical density of 600 nm (OD600) within a range from 0.6–0.8, indicating
mid-log phase. Next, the bacteria were collected via centrifugation and subsequently
washed with phosphate-buffered saline (PBS), then adjusted to OD600 of 0.5. 2 mL bacterial
suspension with a xylene mixture, trained for 3 h at room temperature, and then the OD600
of the bacterial cultures was measured using a spectrophotometer. The hydrophobicity
of the bacterial cells was calculated using the following formula: [(H0 − H)/H0] × 100%,
where H0 and H represent the optical density at 600 nm of the bacterial suspension before
and after the addition of xylene.

2.7. Outer Membrane Permeability Analysis

Permeability was assessed via N-Phenyl-1-naphthylamine (NPN) assay. Briefly, bacte-
rial cells were initially cultured in LB broth overnight. The culture was then transferred
to fresh LB medium at a 1% inoculum and incubated until OD600 reached a range of
0.6-0.8. Cells were harvested and suspended in PBS, then adjusted to OD600 of 0.5. A
final concentration of 1 μM of NPN was added to the sample. The fluorescence of the
sample was then continuously measured using an excitation wavelength of 380 nm and an
emission wavelength of 430 nm.

2.8. Biofilm Formation Ability Analysis

Biofilm formation capacity was assessed via crystal violet (CV) staining. In summary,
suspensions of the WT, ΔESA_00986, and cpESA_00986 strains were prepared at an OD600
value of 0.7. These suspensions were then added to individual wells and incubated at 37 ◦C
for a duration of 48 h. Following incubation, the biofilm was fixed with methanol after
15 min, and the supernatant was removed. The samples were air-dried at 25 ◦C. Sub-
sequently, each well was treated with 1% CV solution and incubated for 30 min. After
staining, the wells were washed three times, and 200 μL ethanol was added for decol-
orization purposes. The optical density was measured at a wavelength of 570 nm using a
spectrophotometer. Each experiment was performed with three repetitions to ensure the
accuracy and reliability of the results.

2.9. Adhesion/Invasion Capacity Analysis

The adhesion/invasion assay was conducted following the previously described
method with slight modifications [34]. HCT-8 cells and HIEC-6 cells were used for this
assay. The cell monolayer was cultured using RPMI-1640 medium and 10% fetal bovine
serum. The WT, ΔESA_00986 and cpESA_00986 cells were collected at an OD600 of 0.6, then
were washed and suspended in RPMI-1640 medium. Next, 1 mL of C. sakazakii bacteria
was added to the HIEC-6 cells or HCT-8 cells at a Multiplicity of Infection (MOI) of 100.
After incubation for 3 h, the cells were washed with PBS and subsequently lysed using 1%
Triton X-100. The resulting cell suspensions were then serially diluted with PBS and plated
on LB agar plates for colony counting analysis.
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The invasion assay was conducted following the previously described method with
slight modifications [35]. A 1 mL quantity of C. sakazakii bacteria was added to the HIEC-6
cells or HCT-8 cells at a Multiplicity of Infection (MOI) of 100. After incubation for 1 h,
the cells were washed with PBS and covered with 2 mL RPMI-1640 medium containing
gentamicin at bactericidal concentration of 100 μg/mL to kill extracellular bacteria. After
2 h, the cells were washed with PBS and subsequently lysed using 1% Triton X-100. The
resulting cell suspensions were then serially diluted with PBS and plated onto LB agar
plates for colony-counting analysis.

2.10. Rat Virulence Assay

Neonatal rats (48 h old) were sourced from SPF (Beijing) Biotechnology Co., Ltd.
The rats were housed in separate clean cages that had been disinfected prior to use. A
total of 12 neonatal rats were assigned to each experimental group. To administer the
bacteria, each pup received an oral dose of 0.2 mL of infant formula with sheep’s milk
powder containing 1 × 109 bacterial cells. This was done using an animal gavage needle.
The control group received an oral dose of 0.2 mL of sterile infant formula with sheep’s
milk powder only. During the post-challenge period, the pups were closely monitored
for physiological symptoms and mortality rates every 2 h. After 48 h, all the pups were
euthanized for further analysis. Blood samples were collected and then subjected to
centrifugation at 2000× g for 15 min at 4 ◦C. This process allowed for the separation of
serum, which was subsequently stored at −80 ◦C for future analysis. Next, liver, spleen,
and brain samples were excised, washed with PBS, and dried with filter papers during
necropsy. All tissues were rapidly frozen via immersion in liquid nitrogen and then stored
at −80 ◦C for future utilization. Animal experiments were performed according to the
guidelines of the institutional animal ethics committee and supported by the Institutional
Animal Committee of Tianjin University of Science and Technology (2022117).

2.11. Quantification of Bacteria in Tissues

The tissues intended for C. sakazakii enumeration were washed three times with PBS
(pH 7.4). Subsequently, they were homogenized in cold PBS and subjected to 10-fold serial
dilutions until the desired concentrations were achieved. The dilutions were plated onto
modified lauryl sulfate broth (mLST) plates and incubated at 37 ◦C for 24 h. After the
incubation period, bacterial colonies were counted. The absolute quantities of C. sakazakii
were determined based on their corresponding dilutions.

2.12. Serum Inflammatory Levels Analysis

The levels of inflammatory cytokines in the serum were analyzed via an ELISA assay
kit (Nanjing Jiancheng, China). The inflammatory cytokines that were analyzed include
IFN-γ, IL-6, IL-1β, IL-8, and TNF-α. The procedures were performed according to the
instructions provided in the assay kit manual.

2.13. Gene Expression Analysis by qRT-PCR

RNA was extracted from tissues (n = 5) using an RNA extraction kit (ACCURATE,
Changsha, China) according to the manufacturer’s instructions. Subsequently, the RNA
was reverse-converted into complementary DNA (cDNA) via reverse transcription using
a PrimeScript™ RT reagent Kit (ACCURATE, Changsha, China). Real-time quantitative
PCR (qPCR) was performed in triplicate via the Mastercycler® ep realplex system and TB
Green™ Premix Ex Taq™ II (ACCURATE, Changsha, China). The specificity of the PCR
products was analyzed by examining their melting curves. Relative gene expression levels
were quantified via the 2ˆ(−ΔΔCt) method.

2.14. Histopathological Analysis

The histological samples were subjected to hematoxylin and eosin (HE) staining for
analysis. A portion of the samples was fixed in 4% paraformaldehyde and subsequently
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underwent a series of processes, including dehydration, clearing, and embedding in paraf-
fin, to obtain 5-μm sections. Furthermore, sections of the colon embedded in paraffin were
stained using the hematoxylin and eosin (HE) staining methods.

2.15. Statistical Analysis

SPSS was used for data analysis. Statistical analysis was performed using Student’s
unpaired t-test and one-way analysis of variance (ANOVA) to assess significant differences
in the results. A significance level of 0.05 was used, and P values below this threshold were
considered statistically insignificant. Data were expressed as mean ± deviation, and three
independent replications were performed for each experiment.

3. Results

3.1. Construction and Validation of ΔESA_00986 and Complementary Strains

To investigate the molecular mechanism of ESA_00986, we generated an ESA_00986
mutant strain via the homologous recombination technique. Figure 1A depicts the amplifi-
cation sites targeted by the two primers (ESA_00986 1F/R, ESA_00986 2F/R) in the WT,
ΔESA_00986, and cpESA_00986 strains. PCR verification was conducted using two primers
with DNA from the WT, ΔESA_00986, and cpESA_00986 strains as templates. The results
of the PCR analysis are presented in Figure 1B. When the ESA_00986 1F/R primers were
used, both the WT and cpESA_00986 strains exhibited a visible DNA band of 1166 bp; the
ΔESA_00986 strain exhibited no DNA band. However, when using the ESA_00986 2F/R
primers, the WT strain showed a DNA band of 1620 bp, whereas the ΔESA_00986 and
cpESA_00986 strains displayed a DNA band of 600 bp. The PCR results showed successful
construction of both the ΔESA_00986 and cpESA_00986 strains, indicating their suitability
for further experiments.

Figure 1. Cont.
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Figure 1. PCR validation of WT, ΔESA_00986, and cpESA_00986 strains (A) The positions of the
two primer pairs of WT strain, ΔESA_00986 and cpESA_00986 strain. (B) PCR amplification results
obtained via two primer pairs for the WT, ΔESA_00986, and cpESA_00986 strains. M, Marker; Lane 1,
WT; Lane 2, ΔESA_00986; Lane 3, cpESA_00986.

3.2. Effects of ESA_00986 Gene on Growth

In order to assess the impact of ESA_00986 gene deletion on the growth rate and the
OD600 of the WT, the ΔESA_00986, and cpESA_00986 strains were measured via a UV-Vis
spectrophotometer over a 14-h period. The growth rate results are presented in Figure 2.
Comparing the growth rate of the ΔESA_00986 with that of the WT strain, no significant
difference was observed. Likewise, there was no significant change in the OD600 of the
cpESA_00986 strain compared to the WT strain. These findings suggest that the deletion of
the ESA_00986 gene does not impact bacterial growth. They also indicate that ESA_00986
is not essential for cell growth, thereby eliminating potential variations in growth patterns
as a confounding factor in future experiments.

Figure 2. The growth curves of WT, ΔESA_00986, and cpESA_00986 strains. Data are shown as
mean ± S.D. Significant differences between ΔESA_00986/cpESA_00986 groups and WT group were
analyzed via one-way ANOVA. WT: wild-type strain; ΔESA_00986: mutant strain; cpESA_00986:
complementary strain.
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3.3. Effects of ESA_00986 Gene on Cell Adhesion/Invasion

ESA_00986 is predicted to be an Intimin/Invasin protein that is believed to play a
role in bacterial adhesion to and invasion of host cells. The adhesion/invasion assay
was performed to investigate the role of ESA_00986 in the colonization of HCT-8 and
HIEC-6 intestinal epithelial cell lines by C. sakazakii. Significant differences in colonization
were observed between the WT, ΔESA_00986, and cpESA_00986 strains in both cell lines
(Figure 3). The relative ΔESA_00986 strain adhesion/invasion rate of both HCT-8 and HIEC-
6 cells was significantly lower compared to the WT strain. Furthermore, the cpESA_00986
strain showed significantly higher adhesion/invasion compared to the ΔESA_00986 strain
in both cell lines. Similarly, the relative invasion rate of the three strains showed the
same trend. These findings indicate that the ESA_00986 gene plays a crucial role in the
colonization of C. sakazakii in vitro.

Figure 3. Effects of the ESA_00986 gene on the adhesion and invasion. Data are shown as
mean ± S.D. Significant differences between ΔESA_00986/cpESA_00986 groups and WT group
was analyzed at * p < 0.05, ** p < 0.01, and *** p < 0.001 via one-way ANOVA. WT: wild-type strain;
ΔESA_00986: mutant strain; cpESA_00986: complementary strain. (A): the adhesion/invasion assay
to the HCT-8 cells; (B): the adhesion/invasion assay to HIEC-6 cells; (C): the invasion assay to HCT-8
cells; (D): the invasion assay to HIEC-6 cells.

3.4. Effects of ESA_00986 Gene on Virulence of C. sakazakii In Vivo

As a predicted invasin, ESA_00986 has the potential to influence the pathogenicity of C.
sakazakii. Three separate groups of 48 h old rats were orally infected with WT, ΔESA_00986,
and cpESA_00986 strains, and the survival of the animals was closely monitored for a period
of 48 h following infection. Rats that were infected with the WT strain or cpESA_00986
strains started experiencing mortality at 11 h, with 60% of the animals dying within 48 h in
the group infected with the WT strain. In contrast, rats infected with the ΔESA_00986 strain

61



Foods 2023, 12, 2572

exhibited delayed mortality, starting at 17 h; 80% of the infected rats survived for at least
48 h. The survival curve (Figure 4) exhibited a significant distinction in pathogenic-
ity between the ΔESA_00986 and WT strains. Additionally, the colonization ability of
C. sakazakii in rats was investigated in relation to the ESA_00986 gene. The results revealed
that the bacterial load of the ΔESA_00986 strain was lower than that of the WT strain in the
blood, brain, liver, and spleen (Figure 5).

Figure 4. The survival curve of rats infected with C. sakazakii WT, ΔESA_00986 and cpESA_00986
strains. Significant differences between ΔESA_00986/cpESA_00986 groups and WT group was
analyzed at * p < 0.05 via one-way ANOVA. WT: wild-type strain; ΔESA_00986: mutant strain;
cpESA_00986: complementary strain.

Figure 5. The bacterial load of C. sakazakii WT, ΔESA_00986 and cpESA_00986 strains in blood,
brain, liver, and spleen. Data are shown as mean ± S.D. Significant differences between
ΔESA_00986/cpESA_00986 groups and WT group was analyzed at *** p < 0.001 via one-way ANOVA.
WT: wild-type strain; ΔESA_00986: mutant strain; cpESA_00986: complementary strain. (A): Brain;
(B): Spleen; (C): Blood; (D): Liver.
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3.5. Pathological Analysis

Histological analysis was conducted on brain and colon tissues collected from rats
48 h after bacterial infection. HE staining showed significant differences between the
WT-infected group and normal group in brain tissue, including matrix dissolution and
a loose, sponge-like structure (Figure 6A). In the ΔESA_00986-infected group, the brain
matrix exhibited slight looseness and showed signs of inflammatory cell infiltration. The
cpESA_00986-infected group had the same results as the WT group. After 48 h of infection,
the intestinal tissue of rats infected with the WT strain was examined and signs of villus
dilation, necrosis, perforation, and destruction were found in the intestine (Figure 6B).
In contrast, the severity of intestinal tissue damage was notably reduced in rats infected
with the ΔESA_00986 strain. These findings suggest that knockout of the ESA_00986 gene
reduces the virulence of C. sakazakii.

Figure 6. The brain tissue section (A) and the colon section (B) of C. sakazakii WT, ΔESA_00986,
and cpESA_00986 strains. WT: wild-type strain-infected group; ΔESA_00986: mutant strain-infected
group; cpESA_00986: complementary strain-infected group; NC: normal group.

3.6. Effect of ESA_00986 on the Serum Inflammatory Cytokines

Inflammatory factor is an important cytokine involved in immune regulation during
the inflammatory response and inflammatory diseases. When the body is injured and
undergoes a stress response, pro-inflammatory cytokines (such as TNF-α, IFN-γ, IL-6,
IL-1β, etc.) are produced for immune regulation. At the end of the 48-h toxicity experiment,
the blood of suckling rats was collected, and the serum of rat was obtained via centrifuga-
tion. The inflammatory factor in the serum was measured by detection kit. As depicted in
Figure 7, the serum contents of pro-inflammatory cytokines IL-6, TNF-α, IFN-γ and IL-1ß
were significantly reduced in the mutant group compared with the wild-type group. There
was no significant difference between the complement group and the wild group. Thus, the
decrease in proinflammatory cytokine levels implies a reduction in inflammation caused
by bacterial infection.
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Figure 7. Inflammatory factor content in serum ((A): IL-6, (B): TNF-α, (C): IFN-γ, (D): IL-1ß)). Data
are shown as mean ± S.D. Significant differences between ΔESA_00986/cpESA_00986 groups and
WT group were analyzed at *** p < 0.001 via one-way ANOVA. WT: wild-type strain-infected group;
ΔESA_00986: mutant strain-infected group; cpESA_00986: complementary strain-infected group;
NC: normal group.

3.7. Effect of ESA_00986 on the Expression of Genes Involved in Inflammation and
Intestinal Integrity

The impact of ESA_00986 on gene expression related to inflammation and intestinal
integrity in the colon was assessed at the mRNA level, as depicted in Figure 8. After 48 h of
infection, the ΔESA_00986 group exhibited a significant downregulation in the expression
of inflammatory factors, including IL-6, IL-1β, IFN-γ, and TNF-α compared with the WT
group. Conversely, the expression of genes associated with gut barrier function, such as
zonula occludens-2 (ZO-2), claudins-1 (CLA-1), claudins-2 (CLA-2), and occludins-1 (OC-1),
were upregulated in the colon of the ΔESA_00986 group. However, no significant difference
was observed in the expression of zonula occludens-1 (ZO-1).

Figure 8. Gene expressions of tight-junction proteins (A) and inflammatory factors (B). Significant
differences are indicated by different letters (a–f) (p < 0.05). WT: wild-type strain-infected group;
ΔESA_00986: mutant strain-infected group; cpESA_00986: complementary strains infected group;
NC: normal group.
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3.8. Effects of ESA_00986 Gene on the Motility of C. sakazakii

Motility, which is related to adhesion and invasion, was measured via swimming
rings observed on the semi-solid medium. As is shown in Figure 9A, the size of the swim
rings formed by WT, ΔESA_00986, and cpESA_00986 on 0.3% agar medium has changed.
Compared with the WT strain, the ESA_00986 mutant displayed a loss of swimming
mobility, whereas cpESA_00986 showed a partial restoration in swimming mobility. As
depicted in Figure 9B, the average migration radius of the WT strain was approximately
2.76 ± 0.25 cm, that of ΔESA_00986 strain was approximately 1.73 ± 0.25 cm, and that of
cpESA_00986 was approximately 2.76 ± 0.30 cm. These findings provide evidence that the
ESA_00986 gene is crucial for the swimming mobility of C. sakazakii.

Figure 9. Mobility of the WT, ΔESA_00986 and cpESA_00986 strains on semisolid medium. Data
are shown as mean ± S.D. Significant differences between ΔESA_00986/cpESA_00986 groups and
WT group were analyzed at ** p < 0.01 via one-way ANOVA. (A) The white translucent rings
observed represent the migration rings of the bacteria. (B) The respective migration radii of the WT,
ΔESA_00986, and cpESA_00986 strains.

3.9. Effects of ESA_00986 Gene on Physiological Properties of Bacterial Surface

In order to assess the membrane permeability of the ΔESA_00986 strain, bacteria
were exposed to a hydrophobic fluorescent probe, 1-phenylnaphthylamine (NPN). An
increase in NPN absorption was observed in the ΔESA_00986 strain (Figure 10A). To
compare the surface hydrophobicity of the WT strain and the ΔESA_00986 strain, bacteria
suspended in xylene mixture were trained for 3 h at room temperature; bacterial surface
hydrophobicity was also reduced in the ΔESA_00986 strain (Figure 10B). In summary, the
absence of ESA_00986 led to significant changes in the permeability and hydrophobicity of
the bacterial surface.
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Figure 10. The membrane permeability (A), surface hydrophobicity (B) and biofilm formation (C) of
C. sakazakii WT, ΔESA_00986 and cpESA_00986 strains, respectively. Data are shown as mean ± S.D.
Significant differences between ΔESA_00986/cpESA_00986 groups and WT group were analyzed
at ** p < 0.01, *** p < 0.001 via one-way ANOVA. WT: wild-type strain; ΔESA_00986: mutant strain;
cpESA_00986: co mplementary strain.

3.10. Effects of ESA_00986 Gene on Biofilm Synthesis

In this study, we investigated the impact of the ESA_00986 gene on biofilm formation
in C. sakazakii ATCC BAA-894. Quantitative analysis was performed using crystal violet
staining to assess the extent of biofilm formation. The WT strain and ΔESA_00986 mutant
strain showed significant differences in biofilm formation within 72 h. Compared with
the WT strain, biofilm formation was significantly reduced in the ΔESA_00986 mutant
(Figure 10C). These findings indicate that the absence of the ESA_00986 gene significantly
impacts the formation of biofilms in C. sakazakii within 72 h. The ESA_00986 gene has
played a positive role in biofilm formation.

4. Discussion

Previously, we compared the adhesion and infection ability of 20 strains of C. sakazakii
on HCT-8 cells, and found two strains with the strongest and weakest infection ability.
Later, we conducted a comparative proteomic study on them and found an unknown and
interesting protein, ESA_00986. The expression of this protein was much higher in strains
with strong adhesion ability than in strains with low adhesion ability. This unknown protein
(ESA_00986) from C. sakazakii BAA-894 showed homology with Yersinia and Salmonella
intimin/invasin proteins. Therefore, we speculate that ESA_00986 gene products may play
a role in the pathogenesis of C. sakazakii.

In order to determine whether the ESA_00986 gene is required for adherence to
and invasion of host cells and for systemic infection, we examined the influence of the
ESA_00986 gene on the virulence of C. sakazakii in vitro using cell adhesion and invasion
assays, and in vivo using a neonatal rat infection model. It was found that the mutant has
defects in its ability to adhere to and infect intestinal epithelial cells, and the load of mutant
strain in blood and tissues was significantly reduced. The ability of bacterial pathogens
to adhere to and invade host cells, including macrophages and epithelial cells, plays a
crucial role in bacterial pathogenesis. This ability is essential for systemic infection by and
transmission of the pathogen. Before bacterial pathogens can successfully invade a host,
they must first adhere to the surfaces of epithelial cells [36]. Invasins are proteins that allow
bacteria to penetrate cells; they usually adhere to a cell before invading eukaryotic cells
and also can help pathogens colonize, maintain, and spread pathogens within the host
organism [37]. Deletion of the invasion gene ychO in avian pathogenic E. coli decreased
its ability to adhere to and infect chicken fibroblasts [38]. In the present study, the results
suggest that ESA_00986 plays an important role in adhesion and infection by C. sakazakii
and knocking out ESA_00986 can reduce the toxicity of C. sakazakii in vivo, indicating that
ESA_00986 encodes an important virulence factor.
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In this study, the animal experimental results showed that compared with the wild-
type group, the levels of inflammatory factors (TNF-α, IFN-γ, IL-6, IL-1β) were reduced in
serum and intestine of the mutant group. Inflammatory factors are an important class of
cytokines that are involved in immune regulation during the occurrence of inflammatory
response and inflammatory diseases. They are rapidly produced in large quantities under
inflammatory conditions and are thought to be involved in a variety of inflammatory
processes and induce a variety of inflammatory diseases [39,40]. IL-6, IL-1β, TNF-α, and
IFN-γ are crucial regulators of NF-κB-mediated inflammation and play a critical role in the
pathogenesis of colitis [41–44].

In comparison with the WT group, the expression of genes encoding ZO-2, occludin
and claudin-1 in the intestinal tissue of the mutant group was upregulated, while their
expression in the complementary strain group was consistent with the WT group. As
demonstrated via HE staining of intestinal tissues, compared with the WT group, the
mutant group also showed mild symptoms such as shedding of the villi of colon tissue,
dilation of intestinal tissue, and thinning or destruction of the intestinal wall. The integrity
of the intestinal epithelial barrier and the stability of the intestinal environment are widely
recognized as crucial factors in maintaining intestinal health and promoting host resistance
against pathogen invasion [45]. Tight junctions are integral components of the intestinal
epithelial barrier and play an important role in preventing bacterial infection [46–48].
Tight-junction proteins ZO-1 and ZO-2 are primary proteins involved in the formation and
maintenance of tight junctions. As markers of intestine mechanical barrier, they are closely
associated with the integrity of epithelial cells. Occludin is also a crucial protein involved
in maintaining the stability and function of tight junctions, contributing to the integrity of
the barrier. Claudin-1 is a transmembrane protein that serves as a key component of tight
junctions and plays a vital role in their structure and function. Tight junctions can prevent
Campylobacter jejuni from invading laterally from epithelial cells. They play a major role in
bacterial invasion. Pro-inflammatory cytokines, TNF-α, can induce tight junctions to break
down and promote the invasion of C. jejuni [49,50]. Enteropathogenic E. coli can promote
infection by breaking the tight connections of the small intestine’s epithelial cells [51]. A
previous study showed that increasing expression of claudins and occludin can enhance
intestinal barrier function of mouse and reduce Salmonella infection [52]. In agreement with
these studies, the protein ESA_00986 can damage the intestinal barrier via inhibition the
related genes expression (ZO-2, claudins and occludin) and enhance the intestinal infection
ability of C. sakazakii.

In this study, it was found that compared with the wild-type, the biofilm forming
ability of ΔESA_00986 was reduced. Biofilms are commonly described as aggregates of
microbial cells that adhere to both biological and abiotic surfaces, forming complex struc-
tures, consisting of a variety of major biomacromolecules that act as defensive barriers
and important adhesion bases [53]. Numerous studies have demonstrated the important
role of biofilms in the adhesion and invasion of human epithelial cells by pathogenic
bacteria. Biofilms provides a protective environment that enhances bacterial attachment,
colonization, and subsequent invasion of host cells, contributing to the pathogenicity
of these bacteria [54]. The ability of bacteria to attach to surfaces and form biofilms
contributes to successive infections [55]. Naziri et al. reported the role of uropathogenic
Escherichia coli biofilms in the pathogenesis of initial attachment and invasion of the human
urinary tract [56]. Hojjatolah Zamani et al. reported biofilm formation in uropathogenic Es-
cherichia coli were association with adhesion factor genes, such as papAH, bmaE and sfaS [57].
K. pneumoniae biofilms is associated with colonization of the gastrointestinal, respiratory,
and urinary tracts, as well as the development of invasive infections, particularly in im-
munocompromised patients [58]. Cronobacter has the ability to adhere to diverse surfaces
and form biofilms, which enables it to withstand different stress conditions, enhance adhe-
sion, and promote pathogenesis [59,60]. It is reported that ompF and bcsR of C. sakazakii can
regulate adhesion/invasion by influencing biofilm synthesis [14,34]. As several members of
the intimin/invasion protein family, compared with the wild-type, the biofilm forming abil-
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ity of ΔESA_00986 was also reduced. Consistent with these studies, the protein ESA_00986
may play a role in adhesion/invasion of C. sakazakii via regulating biofilm biosynthesis.

5. Conclusions

In this study, we demonstrated for the first time that deletion of ESA_00986, a gene
encoding a virulence factor with Ig-like domains. The deletion of ESA_00986 can lead
to a notable reduction in invasion of epithelial cells and dissemination into the rat tissue.
ESA_00986 may played a positive role in adhesion/invasion through upregulation the
intestinal inflammation via the NF-κB signaling pathway, damaging the intestinal bar-
rier via inhibition the related genes expression and enhancing the biofilm synthesis. The
ESA_00986 protein can be one of the best targets for future drug and vaccine develop-
ment due to the interaction with the host immune system. This study provides valuable
insights in the molecular mechanism and physiological function of the ESA_00986 gene in
C. sakazakii.
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Abstract: Cutting boards can serve as potential carriers for the cross-contamination of pathogens
from chicken to other surfaces. This study aimed to assess chefs’ handling practices of cutting boards
across five provinces in China and identify the key factors contributing to unsafe cutting board usage,
including cleaning methods and handling practices. Handling practices associated with cutting
boards were examined through a web-based survey (N = 154), while kitchen environment tests were
conducted to investigate the splashing or survival of Campylobacter, inoculated in chicken or on cutting
boards, to mimic the practices of chefs. Among chefs in the five provinces of China, wood and plastic
cutting boards were the most commonly used for preparing chicken meat. Approximately 33.7% of
chefs washed boards with running tap water, 31.17% of chefs washed boards with detergent, and
24.03% of chefs cleaned boards by scraping them with a knife after preparing other meats or chicken.
The study tested 23 cutting boards from commercial kitchens for Campylobacter presence before and
after chicken preparation and cleaning. Among these, 17 were cleaned with a knife, 5 with running tap
water, and only 1 with disinfectant. Results showed that cleaning with a knife significantly reduced
Campylobacter presence on cutting boards (p < 0.05), while the three main cleaning methods were
inadequate in eliminating contamination to a safe level. In kitchen environment tests, contaminated
chicken was chopped on cutting boards, with a maximum distance of 60 cm for low contamination,
and 120 cm for medium and high contamination levels. This suggested a contamination risk exposure
area ranging from 60 cm to 120 cm. Campylobacter survival on surfaces of wood, plastic, and stainless
steel was also tested, with plastic surfaces showing the longest survival time (4.5 h at 15 ◦C and 3.5 h
at 25 ◦C) In comparison, survival time on stainless steel or wood surfaces was only 3 h, implying a
cross-contamination risk exposure period of 3 to 4.5 h after chicken preparation. In conclusion, based
on the current study data, the practices employed by chefs play an important role in Campylobacter
transfer in the kitchen environment. The presence of Campylobacter on cutting boards even after
wiping or droplet splashing highlights its potential as a source of cross-contamination in the kitchen
environment. So, chefs in China should reinforce their hygiene culture and adopt effective cutting
board cleaning practices to prevent pathogen contamination.

Keywords: cutting boards; hygiene practice; Campylobacter; risk exposure

1. Introduction

Campylobacter spp., which are commonly present in chicken meat, represent a ma-
jor cause of Campylobacter foodborne diseases [1–3]. The primary factor contributing to
these diseases is cross-contamination between contaminated chicken meat and cooking
utensils [4,5]. Campylobacter spp. are microaerobic bacteria that pose challenges to cultiva-
tion under normal atmospheric conditions [6]. Cross-contamination and inadequate kitchen
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hygiene practices, such as improper handwashing or inadequate cleaning of surfaces and
utensils, play a significant role in Campylobacter transmission [7]. Therefore, preventing
cross-contamination is crucial. After handling poultry meat, the effectiveness of cleaning
may not meet consumer expectations, particularly since microorganisms do not leave visi-
ble traces of dirt that can be easily detected [8,9]. Despite efforts to control Campylobacter,
the global incidence of Campylobacter-related illness has not shown a significant decrease
over time [10].

Campylobacter can easily spread from contaminated chicken meat to various kitchen
equipment, including cutting boards, clothing, and knives [11]. Different materials, such
as wood, plastic, or stainless steel, are commonly used for cutting boards in domestic
and food service kitchens. However, wooden cutting boards have been found to harbor
microbial contaminants and pose challenges in terms of effective cleaning [12]. Some
studies demonstrated that cutting boards played a role in cross-contamination of foodborne
pathogens from poultry meat to cucumber [8,13]. The porous nature of wooden surfaces
allows bacteria to penetrate easily, increasing the risk of cross-contamination incidents [12].
Furthermore, in China, the national food safety standard GB 14,934 requires that foodborne
pathogens should not be detectable on food contact surfaces such as cutleries, boards, and
knives [14].

In China, it has been reported that 77.41% of chicken carcass samples and 37.37% of
kitchen surfaces show Campylobacter spp. contamination in commercial kitchens [11]. This
study aimed to address the knowledge gap concerning the variability in chefs’ behavioral
preferences across different provinces, as well as the spread and survival potential of
Campylobacter and cross-contamination practices during the preparation of raw chicken on
cutting boards in the kitchen environment, and study the effectiveness of different hygiene
procedures for reducing Campylobacter contamination on boards and risks while chicken
handling in the kitchen environment. This work was conducted as part of a comprehensive
research project and ran parallel to ongoing baseline microbiological surveys on chicken
handling in various provinces of China.

2. Materials and Methods

2.1. Web-Based Survey among Chefs in Eastern China

A web-based survey was conducted to investigate hygiene and handling practices
for chicken preparation in commercial kitchens across different regions of China (Jiangsu
Province. Guangdong Province, Fujian Province, Guizhou Province, and Hunan Province)
with the aim of capturing geographical and cultural variations. The study protocols were
reviewed and approved by the Yangzhou University Human Research Ethics Committee
(Permit No. YZUHL20210114). The study included chefs over the age of 18 who were
responsible for chicken handling in commercial kitchens. Participants were recruited
through the Internet for the study in five provinces of China. The aims and objectives of
the study were explained to each participant, and the confidentiality of their information
was verbally confirmed. The recruited participants were given the choice to complete the
questionnaire using Wenjuan Star, an online platform, with options for immediate or later
completion. Data collection took place between July and August 2021.

The questionnaire consisted of 12 multiple-choice questions specifically designed to
gather information about self-reported practices related to the last instance when chefs
prepared raw poultry in a commercial kitchen. The use of a multiple-choice approach
aimed to minimize subjectivity and ensure clarity in measuring and addressing various
aspects of the topic. A total of 154 completed questionnaires were collected from chefs
located in five provinces of China, as presented in Table 1. The majority of respondents in
the kitchens were male. The age group of 18–35 was well-represented in all five provinces.
Education levels varied among the respondents, and notably, the proportion of individuals
with tertiary qualifications was significantly higher in Guizhou and Hunan provinces
compared to the other provinces.
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Table 1. Socio-demographic characteristics of the survey participants %.

Total Sample
(n = 154)

Jiangsu
Province
(n = 36)

Guangdong
Province
(n = 48)

Fujian
Province
(n = 33)

Guizhou
Province
(n = 17)

Hunan
Province
(n = 20)

1. Gender

Male 70.78 69.44 79.17 72.73 64.71 55.00
Female 29.22 30.56 20.83 27.27 35.29 45.00

2. Age

18–25 89.61 75.00 97.92 93.94 82.35 95.00
26–35 5.84 16.67 0.00 6.06 0.00 5.00
36–45 1.95 2.78 0.00 0.00 11.76 0.00
46–60 2.60 5.56 2.08 0.00 5.88 0.00

3. Education

Junior high school education 3.25 0.00 8.33 0.00 5.88 0.00
Senior high school education 3.90 8.33 2.08 0.00 11.76 0.00

Vocational education 48.05 27.78 79.17 57.58 17.65 20.00
College education 39.61 50.00 8.33 36.36 64.71 80.00

Graduate education 5.19 13.89 2.08 6.06 0.00 0.00

2.2. Sample Collection and Campylobacter Examination Method

In Jiangsu province, China, a total of 23 commercial kitchens were visited for sampling.
During the sampling process, the specialized chefs were instructed to handle chicken
carcasses following their regular daily preparation routines in the designated area for
raw meat preparation. Prior to chicken preparation, two sterilized cotton balls soaked
in physiological saline solution were used to wipe 250 cm2 of the exterior surface and
250 cm2 of the interior surface of the chicken carcasses. Samples from cutting boards were
collected at three specific stages: before handling the chicken, after handling the chicken,
and during the cleaning procedure. For cutting boards, two sterilized cotton balls soaked
in physiological saline solution were used to wipe a surface area of approximately 100 cm2,
as described in a previous study [11,15].

The enumeration and isolation of Campylobacter spp. were conducted using the plating
method. The original solution was diluted 10-fold in a PBS solution, and 100 μL of each dilu-
tion was spread onto Campylobacter-selective agar base (modified CCDA; Oxoid, UK) plates
supplemented with selective antibiotics. The plates were then incubated under microaero-
bic conditions (5% O2, 10% CO2, and 85% N2) at 42 ◦C for 36–48 h. Each dilution was plated
in duplicate to ensure accuracy. All colonies exhibiting the characteristic morphology of
Campylobacter were counted within the countable dilution range of 15–300 colony-forming
units (CFU) per plate. For further identification, up to five Campylobacter colonies were
selected from the plates. For species identification, multiplex PCR was conducted using
specific primers as recorded in a previous study [11]. The PCR amplification targeted the
16S rRNA gene for all Campylobacter species, the mapA gene for Campylobacter jejuni, and
the ceuE gene for Campylobacter coli.

2.3. Simulating the Handling of Contaminated Chicken in the Kitchen Environment

To reduce bacterial loads on the chicken samples, the samples underwent irradiation at
the Yangzhou Gamma-Ray Center using a dosage of 25 kGy. After irradiation, the samples
were carefully placed in an ice box and transported to the laboratory for future utilization.
In the laboratory, each bag containing the whole chicken was immersed in a 500 mL bag
containing the Campylobacter ATCC12662 cultures (106, 107, 108 log10CFU/mL). The bags
were then shaken for 30 min at 120 rpm to ensure even distribution of the bacteria on
the surface of the whole chicken samples. After the incubation period, the whole chicken
samples were removed from the bags and transferred to a clean bag for a duration of 2 min.
Subsequently, the samples were immediately placed into a sterile bag, sealed, and stored
at a temperature of 4 ◦C for later use. The chickens were then transported to a model
kitchen at Yangzhou University, where they were chopped into smaller pieces by a group
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of volunteers consisting of culinary students attending Yangzhou University. The study
protocols were reviewed and approved by the Yangzhou University Human Research
Ethics Committee (Permit No. YZUHL20210146). Following the handling of the chicken by
volunteers, the sample sites indicated in Figure 1 were wiped using two sterilized cotton
balls soaked in physiological saline solution. Cotton balls were utilized to wipe a surface
area of approximately 100 cm2 in order to collect any potential bacterial contaminants.

 
Figure 1. Schematic diagram of sampling points at monitoring locations during simulated fresh
chicken processing in the model kitchen. Blue circles represent cutting boards, red circles represent
monitoring points. The distance between each point is 30 cm, forming a cross shape with equidistantly
spaced monitoring points.

2.4. Simulating the Handling of Contaminated Chicken in a Kitchen Environment

Chicken juice, also referred to as meat exudate, was prepared following the methodol-
ogy described in a previous study [16]. To initiate the preparation process, frozen whole
chickens were procured from various supermarkets located in Yangzhou City, China. The
frozen whole chickens were allowed to thaw overnight at room temperature. Subsequently,
the exudate, or the juice released from the meat, was collected. To remove any debris, the
collected exudate was subjected to centrifugation. To ensure sterility, a sterile polyether
sulfone syringe filter with a pore size of 0.2 μm (Millipore) was used for filtration. The
resulting chicken juice was divided into smaller aliquots and stored at a temperature of
−20 ◦C until it was ready for use in subsequent experiments or analyses.

First, the cultured standard strain ATCC12662 broth was diluted separately with PBS
(phosphate-buffered saline) and chicken juice. The dilution was then adjusted to achieve
an optical density (OD) value of 0.05, corresponding to a concentration of approximately
107 CFU/mL. Next, 500 μL of the bacterial suspension was inoculated onto the surface of
different materials, such as stainless steel, plastic, or wood. Each material had dimensions
of 5 cm × 5 cm. After inoculation, the material samples were on a shaking table at
temperatures of 25 ◦C and 15 ◦C, respectively. A time interval of 0.5 h was allowed between
measurements. At each designated time interval, three pieces of the inoculated materials
were removed and the number of Campylobacter on their surfaces was measured. This was
achieved by diluting the bacterial suspension obtained from each piece and performing a
plate count method.
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2.5. Calculations and Statistics

The information obtained from the completed questionnaires was recorded and man-
aged using Microsoft Excel 2010 for efficient data handling and organization. Subsequently,
descriptive data analysis was performed using Stata 11.0 software. This involved calcu-
lating frequencies and percentages of responses within each category. The results of this
analysis were presented in tabular form, providing a clear and concise summary of the data,
which allows for easy interpretation and understanding of the distribution of responses
across different categories. The chi-square test, a statistical test commonly employed to
assess the association between categorical variables, was utilized in the analysis.

The data analysis was performed using IBM SPSS v.21 software. Loads between
samples were compared using the independent sample t-test. A level of significance of 0.05
was applied for all statistical comparisons.

3. Results

3.1. Chefs’ Self-Reported Handling Practices While Preparing Chicken

In the web survey, a total of 154 chefs who used cutting boards for chicken prepara-
tion were consulted (Table 2). The survey aimed to gather information about the types
of cutting boards used, the methods of washing hands and knives, and overall hygiene
practices. Among the surveyed chefs, similar proportions reported using plastic boards
(50%) and wood boards (44.16%). A small percentage of respondents (1.95%) used stainless
steel boards, while 3.90% reported using other types of boards. Differences in cutting
board preferences were observed across different provinces in China. In Jiangsu Province,
wood boards were the most common choice, with 55.56% of respondents using them. In
Guangdong Province, plastic boards were the most prevalent, with 62.50% of respondents
using them. In Fujian Province, 6.06% of chefs used stainless steel boards, while in Jiangsu
province, the usage was 2.78%. Regarding other materials used for cutting boards, 4.17%
of respondents in Guangdong Province, 10% in Hunan Province, and 11.76% in Fujian
Province reported using them. These findings highlighted the variations in cutting board
preferences among chefs in different provinces, with wood and plastic being the most
commonly used materials. The data are summarized in Table 2, which provides a compre-
hensive overview of the distribution of cutting board types across the surveyed provinces.

Table 2. Answer frequencies of hygiene practices of chefs reported while preparing chicken.

Items
Total Sample

(n = 154)

Jiangsu
Province
(n = 36)

Guangdong
Province
(n = 48)

Fujian
Province
(n = 33)

Guizhou
Province
(n = 17)

Hunan
Province
(n = 20)

Type of catering service

Hotel 58.44 50.00 72.92 72.73 17.65 50.00
Restaurant 35.71 44.44 20.83 24.24 70.59 45.00

Fast food restaurant 5.84 5.56 6.25 3.03 11.76 5.00

Type of meat

Fresh chicken 33.12 19.44 41.67 39.39 29.41 30.00
Frozen chicken 16.23 22.22 12.50 18.18 11.76 15.00

Chicken slaughter in Wet market 38.96 41.67 33.33 30.30 58.82 45.00
Chicken breast or leg 11.69 16.67 12.50 12.12 0.00 10.00

Whether the whole chicken had been eviscerated or not

Yes 87.01 94.44 83.33 81.82 88.24 90.00
No 12.99 5.56 16.67 18.18 11.76 10.00

Before cutting, whether or not the chicken had
been washed

Yes 91.56 88.89 95.83 87.88 88.24 95.00
No 8.44 11.11 4.17 12.12 11.76 5.00
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Table 2. Cont.

Items
Total Sample

(n = 154)

Jiangsu
Province
(n = 36)

Guangdong
Province
(n = 48)

Fujian
Province
(n = 33)

Guizhou
Province
(n = 17)

Hunan
Province
(n = 20)

Type of cutting board for chicken preparation

Plastic 50.00 41.67 62.50 48.48 41.18 45.00
Wood 44.16 55.56 33.33 45.45 47.06 45.00

Stainless steel 1.95 2.78 0.00 6.06 0.00 0.00
Other 3.90 0.00 4.17 0.00 11.76 10.00

Before chicken preparation, whether or not boards used
for cutting other meat

Yes 40.91 38.89 39.58 36.36 41.18 55.00
No 59.09 61.11 60.42 63.64 58.82 45.00

After other meat preparation, method of cleaning boards

Washing with running tap water 33.12 33.33 45.83 24.24 11.76 35.00
Scrapping with knife 31.17 19.44 25.00 42.42 41.18 40.00

Washing with detergent 35.71 47.22 29.17 33.33 47.06 25.00

While preparing chicken, whether or not cloths used to
clean cutting board

Yes 48.05 61.11 41.67 45.45 41.18 50.00
No 51.95 38.89 58.33 54.55 58.82 50.00

Cleaning method for cloths

Washing with running tap water 17.53 19.44 18.75 21.21 5.88 15.00
Washing with detergent 51.95 50.00 56.25 42.42 64.71 50.00

Boiling 29.22 30.56 20.83 36.36 29.41 35.00
No washing 1.30 0.00 4.17 0.00 0.00 0.00

After chicken preparation, method of cleaning boards

Washing with running tap water 33.77 38.89 41.67 39.39 5.88 20.00
Scrapping with knife 24.03 19.44 16.67 18.18 41.18 45.00

Washing with detergent 41.56 41.67 39.58 42.42 52.94 35.00
No washing 0.65 0.00 2.08 0.00 0.00 0.00

After touching the chicken, (usual) method of
cleaning hands

No washing 3.90 8.33 6.25 0.00 0.00 0.00
Washing with running tap water 41.56 27.78 39.58 51.52 41.18 55.00

Washing with disinfectant 54.55 63.89 54.17 48.48 58.82 45.00

After chicken preparation, (usual) method of cleaning
the knife

Washing with running tap water 40.91 50.00 41.67 45.45 11.76 40.00
Washing with detergent 51.95 38.89 54.17 48.48 82.35 50.00

Clean with cloth 6.49 8.33 4.17 6.06 5.88 10.00
No washing 0.65 2.78 0.00 0.00 0.00 0.00

It was found that the cutting boards were often used for cutting other types of meat in
advance of being used to prepare chicken meat. Among the surveyed chefs, the highest
percentage of prior use of boards for cutting other types of meat was reported in Hunan
Province (55%), followed by Fujian Province (36.36%). When it came to cleaning the boards
after cutting other meats, different methods were reported. A total of 33.12% of chefs
washed the boards with running tap water, 31.17% scrapped the boards with a knife, and
35.71% washed the boards with detergent. In Guangdong province, the preferred method
was washing with running tap water (45.83%), followed by scrapping with a knife in
Fujian (42.42%), Guizhou (41.18%), and Hunan province (40.00%). In Jiangsu (47.22%) and
Guizhou province (47.06%), a higher percentage of chefs reported the use of detergent for
cleaning the boards. After the chicken preparation process, 48% of chefs reported using
cloths to clean chicken juice off the kitchen surface. Regarding the cleaning of cutting
boards, after chicken preparation, 41.67%, 39.39%, and 33.77% of chefs in Guangdong,
Fujian, and Jiangsu province, respectively, cleaned the boards with running tap water. In
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Hunan and Guizhou Provinces, 45% and 41.18% of chefs, respectively, kept the boards clean
by scrapping them with a knife. It was worth noting that the majority of chefs (54.55%)
expressed a preference for washing cutting boards with disinfectant. Additionally, half of
the chefs reported choosing to wash their knives with disinfectant, which was considered a
safe handling practice. These findings shed light on the cleaning practices and preferences
of chefs regarding cutting boards and knives after handling different types of meats. Proper
cleaning and disinfection methods were crucial to ensuring food safety and preventing
cross-contamination in the kitchen.

3.2. Campylobacter Contamination of Cutting Boards in Commercial Kitchens during
Chicken Preparation

Table 3 presents the different methods used to clean cutting boards during chicken
preparation. In 17 kitchens, chefs cleaned their boards with knives. Prior to chicken prepa-
ration, boards from 4 out of the 17 kitchens tested positive for Campylobacter. However, after
chicken preparation, positive tests for Campylobacter on the boards significantly increased to
94.12%. Despite following cleaning procedures, boards from 9 out of 17 kitchens still tested
positive for Campylobacter. Fortunately, the average Campylobacter loads on the boards no-
ticeably decreased from 2.97 ± 0.94 Log10CFU/100 cm2 to 2.10 ± 0.56 Log10CFU/100 cm2

(p < 0.05). In five kitchens, no Campylobacter was detected on any of their boards prior to
cutting chicken. However, after chicken preparation, all of the boards tested positive for
Campylobacter, with an average load of 3.44 ± 0.85 Log10CFU/100 cm2. When the boards
were cleaned with running tap water, three out of the five boards were still contaminated
with Campylobacter, with an average load of 2.85 ± 0.47 Log10CFU/100 cm2. Only one
kitchen used disinfectant to clean its boards. Before cutting, Campylobacter was not detected
on the boards of that kitchen. Unfortunately, after chicken preparation, the boards were
contaminated with Campylobacter at a load of 3.76 ± 0.00 Log10CFU/100 cm2. Even after
cleaning with disinfectant, the boards still tested positive for Campylobacter, with an average
load of 1.6 ± 0.00 Log10CFU/100 cm2.

Table 3. Different cleaning methods for reducing Campylobacter loads on cutting boards in 23 com-
mercial kitchens in eastern China.

Cleaning Method Stage Total Positive Detection Rate %
Average Loads

(Log10CFU/100 cm2)

cleaning with a
knife (n = 17)

chicken 222 172 77.48 2.98 ± 0.93
before cutting 17 4 23.53 2.45 ± 0.68 a

after cutting 17 16 94.12 2.97 ± 0.94 b

after cleaning process 17 9 52.94 2.10 ± 0.56 a

cleaning with
running tap water

(n = 5)

chicken 67 58 86.57 3.25 ± 0.68
before cutting 5 0 0 -
after cutting 5 5 100 3.44 ± 0.85 a

after cleaning process 5 3 60 2.85 ± 0.47 a

cleaning with
disinfectant (n = 1)

chicken 12 12 100 4.03 ± 0.31
before cutting 1 0 0 -
after cutting 1 1 100 3.76 ± 0.00 a

After cleaning process 1 1 100 1.6 ± 0.00 a

Different letters indicate significant differences among the groups (p < 0.05).

3.3. Risk Area of Campylobacter Spread during Simulated Chicken Preparation

Figure 2 displayed the variation in C. jejuni levels in chicken carcasses that were
initially contaminated with similar concentrations of ATCC12662 (107 CFU/100 cm2 high;
106 CFU/100 cm2 medium; or 105 CFU/100 cm2 low). This difference in contamination
levels persisted across all three groups, indicating that the initial contamination level had a
consistent impact on the subsequent C. jejuni levels.
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Figure 2. Concentration of C. jejuni in chicken carcasses (log10 CFU/100 cm2) initially contaminated
with the same concentration of ACTCC 12,662 at low, medium, or high levels (log10CFU/mL),
measured in 15 meat samples analyzed after treatment.

As Figure 3a,b show, a significant negative correlation between the distance and
Campylobacter contamination on sample sites in the kitchen was found. The results indicated
that as the distance increased, the contamination of Campylobacter on the sample sites
decreased. Notably, in a model kitchen environment, where the maximum detection
distance for the low pollution group was 60 cm and for the medium and high pollution
groups was 120 cm, there was a similar average number of positive sample sites. However,
when the distance reached 60 cm, the reduction in Campylobacter loads was not statistically
significant (p > 0.05).

(a) (b) 

Figure 3. Detection rate (a) and Loads (b) of C. jejuni (log10CFU/100 cm2) in cotton samples compared
to the level of C. jejuni (log10CFU/100 cm2) on the chicken carcasses for 40 sample sites in a model
kitchen after cutting chicken.

3.4. Risk Time of Campylobacter Survival on Different Surfaces

To simulate the survival of Campylobacter on boards made of different materials during
chicken preparation in a kitchen environment, Campylobacter was added to a suspension
containing chicken juice and PBS.

The presence of chicken juice significantly increased the survival time of Campylobacter
on various abiotic surfaces at both 15 ◦C and 25 ◦C. As Figure 4 demonstrates, there
was a clear trend of a longer survival time for Campylobacter in the presence of chicken
juice compared to PBS. In all cases involving chicken juice, the longest survival time was
observed on plastic surfaces, reaching up to 4.5 h at 15 ◦C (Figure 4b) and 3.5 h at 25 ◦C
(Figure 4d). On stainless steel and wood surfaces, the survival time was shorter, with
Campylobacter surviving for only 3 h. Notably, Campylobacter exhibited a faster decline in
survival on wood surfaces compared to plastic and stainless steel surfaces at 15 ◦C.

78



Foods 2023, 12, 3245

(a) (b) 

(c) (d) 

Figure 4. Survival of Campylobacter on boards made of different materials. The cultured standard
strain ATCC12662 broth was diluted with PBS (a,c) and chicken juice (b,d), and then 500 μL of
bacterial suspension was inoculated on the surface of different materials Finally, the materials were
placed in an incubator at 15 ◦C (a,b) or 25 ◦C (c,d). Mean values are shown.

4. Discussion

In the present study, we conducted a survey among chefs from commercial kitchens
across five provinces in China to gather information on their routine practices regarding
the usage and hygiene of cutting boards. We then evaluated different cleaning procedures
to assess their effectiveness in eliminating Campylobacter contamination on the boards.
Additionally, in laboratory experiments, we simulated chicken preparation on cutting
boards and tested the survival of Campylobacter. In this section, we will discuss the findings
in relation to the risks associated with chicken preparation based on our experiments.

In the UK, it was found that 75% of men and 17% of women do not consistently
wash their hands after raw food preparation; similarly, in the United States, data show
that 20% of people do not wash their hands with soap [17]. In Egypt and Iraq, alarming
statistics revealed that 90% of consumers do not wash their hands promptly after handling
chicken. This lack of hand hygiene after poultry handling posed a significant risk of the
spread of bacteria and foodborne illnesses [18]. In our study, we found that 41.56% of chefs
reported washing their hands with running tap water, while 54.55% of chefs stated that
they wash their hands with disinfectant. These findings highlighted different handwashing
practices among chefs in the study population. Eriksson’s hypothesis suggested that hands
play a crucial role in the transmission of Campylobacter. According to this hypothesis,
thorough handwashing using antibacterial substances is considered critically important in
preventing the spread of Campylobacter [5]. However, it is unfortunate that not everyone in
commercial kitchens in China recognizes the importance of proper hand hygiene. Adequate
hand hygiene practices, including thorough handwashing with antibacterial substances,
are crucial in food preparation settings to prevent the spread of bacteria and foodborne
illnesses. It is encouraging to note that a significant majority of consumers in New Zealand,
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specifically 97%, expressed their intention to use separate knives and cutting boards when
preparing chicken compared to other food materials [19]. It is concerning to note that
in two Middle Eastern countries, a significant portion of respondents, specifically 28.8%
and 6.5%, respectively, expressed their unwillingness to use separate cutting boards when
handling chicken [20]. Our study revealed concerning findings regarding the practices of
chefs in five provinces in China in relation to cutting boards used for chicken preparation.
Specifically, 40.91% of chefs reported using the same cutting boards for cutting other types
of meat before preparing chicken. Additionally, only 35.71% of chefs chose to wash the
cutting boards with detergent (Table 2). In a study conducted in Norway, it was found
that 8% of respondents reported using a cloth as their preferred utensil for cleaning [21].
A significant percentage of chefs in five provinces in China (ranging from 41.18% to
61.11%) expressed a preference for using cloths to clean cutting boards during chicken
preparation. The presence of Campylobacter has been detected in cloths following the
preparation of raw poultry [22,23]. Kitchen cloths can potentially serve as vehicles for
cross-contamination of pathogens, transferring them from food spills to other foods or food
contact surfaces. Indeed, the education of chefs and kitchen staff is crucial in ensuring food
safety in commercial kitchens. The study conducted by Mihalache [24] highlighted the
importance of making chefs aware of the critical moments when they need to clean their
hands, utensils, and surfaces.

Cutting boards made from a variety of materials, including wood and plastic, are
commonly used in wet markets worldwide. However, wood cutting boards have gained
attention as potential hazardous surfaces only since 1990 [12]. Research has shown that
wood cutting boards can harbor microbial contaminants and present challenges in terms of
effective cleaning. In the current study, plastic and wood cutting boards were prevalent
in commercial kitchens. It is important to note that wooden surfaces are porous and
can facilitate bacterial penetration, thereby increasing the risk of cross-contamination
incidents [25]. The study also revealed that cutting boards retained significant levels of
Campylobacter even after the initial wiping. In fact, the amount of Campylobacter detected
in the second wiping surpassed the limit of detection (100 CFU/mL) for all samples
contaminated with ST-918 and for 18 out of 20 samples contaminated with ST-257 [5].
This finding suggests that traditional cleaning methods may not effectively eliminate
Campylobacter from cutting boards. Furthermore, the use of disinfectants for cleaning
cutting boards has been debated. Some studies have indicated that the use of disinfectants
can potentially contribute to the emergence of disinfectant-resistant bacteria and may
not completely eradicate antibiotic-resistant bacteria [26]. In our study, despite chefs
choosing to clean the boards with disinfectants in one commercial kitchen, Campylobacter
was still detected. This finding can be attributed to the formation of biofilms by foodborne
pathogens on food contact surfaces [27]. In a study conducted in France, the adhesion
ability of selected Campylobacter isolates to inert surfaces was investigated to explore its
association with their transferability. It was found that all the characterized isolates from
chicken skin samples demonstrated adhesion to inert surfaces, with more than 90% (25/27)
of the isolates exhibiting a moderate to high adhesion ability [28]. So, we should reconsider
and revise the strategy for controlling bacterial contamination on cutting boards in kitchen
settings. One potential approach, the use of composite materials to cover cutting boards
and other polymeric surfaces in meat processing environments, could inhibit the growth of
foodborne pathogens, and should be recommended [29].

A study emphasized that contaminated water from the process of washing raw poultry
had the potential to travel a significant distance, reaching up to 28 inches (71 cm) on both
sides of the sink and 20 inches (51 cm) in front of the sink. Disturbingly, a portion of the chefs
in our study (12.99%) reported not eviscerating the whole chicken, and a majority (91.56%)
preferred washing the chicken before cutting, both of which could be considered unsafe
practices leading to droplet splashing containing Campylobacter. During the simulation of
chicken preparation in the kitchen, it was observed that Campylobacter could be splashed as
far as 60–120 cm away from the cutting boards, indicating a high-risk zone extending up to
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120 cm where other materials could be exposed to a high risk of contamination (Figure 3).
In a previous study, it was reported that sinks and their immediate surroundings (within
0–15 cm) exhibited the highest frequency of contamination following the preparation of
chicken thighs inoculated with E. coli DH5-α [30]. Similarly, our study demonstrates
that cutting boards and their nearest vicinity (0–30 cm) have the highest frequency of
Campylobacter contamination after chicken chopping. It is widely acknowledged that cross-
contamination is the primary route of Campylobacter transmission in the kitchen [8,11,31–34].
However, the findings suggest that droplet splashing can also be an important route for the
spread of Campylobacter in the Chinese kitchen environment, requiring increased attention.
Therefore, it is crucial to design and equip kitchen layouts that effectively prevent the
spread of bacteria, thereby interrupting potential transmission pathways.

Campylobacter does not survive for extended periods on food contact surfaces such as
equipment, countertops, cutting boards, or kitchen utensils [35]. However, in the presence
of wet and cold refrigeration conditions, Campylobacter could survive on dry surfaces for
several days. In our study, Campylobacter was found to survive on different materials used
to make cutting boards for a risk exposure time of 3 to 4.5 h when exposed to chicken juice,
which can enhance the probability of transmission from boards to other materials (Figure 4).
The presence of other co-contaminants has been suggested to enhance the survival of
Campylobacter in adverse environmental conditions [36]. Some common bacterial species as-
sociated with poultry-contaminated boards, such as Aeromonas spp., Brochothrix campestris,
Enterobacter cloacae, Pseudomonas putida, Serratia marcescens, Staphylococcus aureus, and
Streptococcus spp., have been identified as emerging pathogens or food spoilage organ-
isms [12]. S. aureus has been shown to enhance the survival of Campylobacter strains under
adverse conditions, including low temperatures and aerobic environments [37]. It is impor-
tant to consider the potential presence of a microbial community on cutting boards, which
may contribute to the longer survival of bacteria in the kitchen environment compared
to in laboratory tests. The findings of our study suggest that the three cleaning methods
evaluated are not effective in completely eliminating Campylobacter contamination on cut-
ting boards. Therefore, the effectiveness of cleaning measures and the issue of bacterial
disinfectant-resistance must be carefully considered. Additionally, attention shall be given
to the hygiene of knives, hands, and cloths to avoid secondary contamination of cutting
boards and food materials.

5. Conclusions

The objective of this study was to assess the usage and hygiene practices associated
with cutting boards among chefs in five provinces of China. The study aimed to evaluate the
impact of different cleaning methods and identify the areas and time intervals after chicken
preparation that pose a risk for foodborne illnesses. The findings indicated that wood and
plastic cutting boards are widely used in commercial kitchens across the five provinces in
China studied, and commonly employed when cutting various materials, including chicken.
The study also examined the different cleaning methods employed by chefs, revealing that
41.56% of chefs chose to wash their cutting boards with detergent. Among the provinces, the
occurrence of this cleaning practice was higher in Jiangsu Province (41.67%), Guangdong
Province (39.58%), Fujian Province (42.42%), and Hunan Province (52.94%). However, even
with this cleaning method, there still may be a risk of Campylobacter spreading in their
kitchens. The paper highlighted the potential sources of cross-contamination in the kitchen
environment, such as droplet splashing of Campylobacter or the survival of the pathogen on
cutting boards even after cleaning. These factors contributed to the risk of Campylobacter
transmission. In conclusion, it is recommended that chefs in China should reconsider
their strategies for effectively cleaning cutting boards to prevent pathogen contamination.
Specifically, attention should be given to the risk of Campylobacter splashing and surviving
on cutting boards. By addressing these concerns, the probability of Campylobacter spreading
to humans can be significantly reduced, thereby mitigating the risk of foodborne illnesses
in commercial kitchens.
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Abstract: The molecular chaperone GroEL of C. sakazakii, a highly conserved protein encoded by
the gene grol, has the basic function of responding to heat shock, thus enhancing the bacterium’s
adaptation to dry and high-temperature environments, which poses a threat to food safety and
human health. Our previous study demonstrated that GroEL was found in the bacterial membrane
fraction and caused a strong immune response in C. sakazakii. In this study, we tried to elucidate
the subcellular location and virulent effects of GroEL. In live C. sakazakii cells, GroEL existed in
both the soluble and insoluble fractions. To study the secretory mechanism of GroEL protein, a
non-reduced Western immunoblot was used to analyze the form of the protein, and the result showed
that the exported GroEL protein was mainly in monomeric form. The exported GroEL could also be
located on bacterial surface. To further research the virulent effect of C. sakazakii GroEL, an indirect
immunofluorescence assay was used to detect the adhesion of recombinant GroEL protein to HCT-8
cells. The results indicated that the recombinant GroEL protein could adhere to HCT-8 cells in a
short period of time. The recombinant GroEL protein could activate the NF-κB signaling pathway to
release more pro-inflammatory cytokines (TNF-α, IL-6 and IL-8), downregulating the expression of
tight-junction proteins (claudin-1, occluding, ZO-1 and ZO-2), which collectively resulted in dose-
dependent virulent effects on host cells. Inhibition of the grol gene expression resulted in a significant
decrease in bacterial adhesion to and invasion of HCT-8 cells. Moreover, the deficient GroEL also
caused slow growth, decreased biofilm formation, defective motility and abnormal filamentation
of the bacteria. In brief, C. sakazakii GroEL was an important virulence factor. This protein was not
only crucial for the physiological activity of C. sakazakii but could also be secreted to enhance the
bacterium’s adhesion and invasion capabilities.

Keywords: Cronobacter sakazakii; GroEL; export; virulent effects

1. Introduction

Cronobacter sakazakii, an opportunistic Gram-negative pathogen mainly found to be
associated with milk and cheese protein powders, was reported to cause both intestinal
and systemic human diseases, such as meningitis, bacteremia and necrotizing enterocol-
itis through complex bacterium–host interactions [1]. Studies have shown that its main
infection targets are neonates, infants and elderly individuals [2]. In 2010, two mexican
infants were infected with C. sakazakii and developed bloody diarrhea [3]. In 2016, a prema-
ture female infant was diagnosed with sepsis caused by C. sakazakii ultimately leading to
cerebral liquefaction and necrosis [4]. C. sakazakii is not thermotolerant (survives between
6 and 45 ◦C) but can proliferate in dry stress, even at a low water activity level of 0.3 [5].
It was reported that 18.75% of quick-frozen food collected from 39 cities in china were
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contaminated with C. sakazakii in 576 samples, wherein the contamination of frozen flour
products was up to 44.34% [6]. In addition, opened powdered formula and breast pump
parts were highly susceptible to contamination with C. sakazakii [7].

To date, many studies have been performed to investigate the pathogenic mechanism
of this bacterium, and the usual virulence factors in Gram-negative bacteria, including
lipopolysaccharide (LPS), enterotoxin, flagella and some outer membrane proteins, were re-
ported to be involved in the pathogenicity of C. sakazakii [8–11]. Other virulence-associated
factors of C. sakazakii, such as the bcsABC operon controlling cellulose synthesis, methyl-
accepting chemotaxis protein Mcp and UDP-N-acetylglucosamine acyltransferase’s ligand
Labp, are also reported to contribute to the pathogenicity of the bacterium [12–14]. How-
ever, although these virulence-associated factors are shown to be associated with C. sakazakii
infection, the key virulence determinants of C. sakazakii and the details of this pathogen’s
infection of host cells are largely unknown. Recently, many microbiological secretome stud-
ies have shown the release of various cytoplasmic proteins into the medium supernatant,
especially evolutionarily conserved proteins, including glycolytic enzymes, translation
factors and chaperones [15]. The secretory protein was crucial for bacteria to obtain nour-
ishment, adapt to the environment and infect the host. Whether these exported proteins of
cytoplasm are caused by accidental bacterial lysis or secreted through a special pathway
remains hotly debated [16–18], while studies have shown that these proteins can adhere to
the surface of microorganisms and have immunogenicity [19]. The virulence-associated
roles of these proteins require more detailed studies.

In our previous work, the molecular chaperone GroEL was shown to be expressed at a
high level in C. sakazakii and to cause a strong immune response [20]. The basic function
of GroEL is to participate in the regulation of the heat shock response to maintain cellular
homeostasis and form a nanocage structure with the co-chaperonin protein GroES to rescue
the proteins from inappropriate folding and aggregation [21]. GroEL mutation was reported
to cause the accumulation of a large number of newly translated peptides [22]. In addition,
GroEL is also a familiar member in the secretome of eukaryotes and prokaryotes. Studies
have shown that the exported GroEL of different prokaryotes can adhere to different
human cells [23,24], and GroEL can produce immune protection in immune response and
reduce the degree of lesions and the mortality of related diseases to a certain extent [25].
Although GroEL can act as an adhesin to aggravate specific tissue diseases caused by
several corresponding prokaryotes, whether it is an important virulence factor in related
diseases caused by C. sakazakii is still unknown.

Therefore, the purpose of this study was to identify whether C. sakazakii can export
GroEL and whether GroEL serves as a virulence factor of this bacterium. This study
indicated that C. sakazakii can export monomeric GroEL. The GroEL protein was able
to adhere to the intestinal epithelium cells and caused adverse effects. Inhibition of the
grol gene expression not only caused physical defects in C. sakazakii but also reduce the
bacterial adhesion to and invasion of hosts. In brief, we proved that C. sakazakii GroEL is an
important virulence factor, and this study will provide new insight into the pathogenicity
of C. sakazakii.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

In this study, Escherichia coli BL21 (DE3) and C. sakazakii ATCC29544 strains stored
at the Tianjin University of Science and Technology were used. Both bacterial strains
were grown in Luria–Bertani (LB) medium at 37 ◦C under constant shaking unless other-
wise stated.

2.2. Bacterial Fractionation

The bacterial fractionation was performed using Goulhen’s method with some mod-
ifications [26]. Briefly, C. sakazakii was cultured to an OD600 of 1.0 (1 × 1010 CFU/mL),
followed by centrifugation to separate the medium supernatant from the bacterial cells.
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The crude outer membrane vesicle (OMV) was harvested using the saturated ammonium
sulfate precipitation method from the medium supernatant and then ultracentrifuged at
250,000× g for 1 h at 4 ◦C using a supercentrifuge (Beckman, Bria, CA, USA) to obtain
the purified OMV. The ultracentrifuged supernatant was rich in other secreted proteins.
The periplasmic fractions were isolated through the osmotic shock method. The residual
pellet was broken through mild sonication and then centrifuged to separate the crude
membrane envelope and the cytoplasmic fractions. The crude membrane envelope was
re-suspended in 2% Triton X-100 containing 10 mM MgCl2 after washing three times with
TBS buffer. The suspension was ultracentrifuged at 200,000× g for 2 h to separate the
cytoplasmic-membrane-rich cell envelope (supernatant) and the outer-membrane-rich cell
envelope (pellet).

2.3. Identification of GroEL and Its Forms in Different Bacterial Fractions

The different bacterial fractions were separated through SDS-PAGE (12% acrylamide),
and then, the protein samples were transferred to a polyvinylidene fluoride membrane
(0.22 μm, 200 mA, 90 min). The membrane was blocked with 10% skim milk for 3 h in a
50 mM TBS buffer, followed by incubation with the primary antibody (anti-GroEL mon-
oclonal antibody, Abcam, Cambridge, UK) for 2 h at room temperature. After washing
three times with TBS buffer containing 0.1% Tween 20, the membrane was subsequently
incubated with the horseradish-peroxidase-linked secondary antibody. HRP substrate
(Millipore, Boston, MA, USA) was added, and the result was detected using an enhanced
chemiluminescence detection system. As for the non-reduced Western immunoblot, we
adopted Qamra’s method but with some modifications [27]. Briefly, the protein samples
were separated using SDS-PAGE (7% acrylamide) and then transferred to a nitrocellulose
membrane (0.45 μm). Electrophoresis was carried out at 18 V for 18 h. The following proce-
dures of the non-reduced Western immunoblot were the same as those described above.

2.4. Determination of the Bacterial Surface GroEL

Detection of the GroEL localizing on the C. sakazakii surface was carried out using
an indirect immunofluorescence assay (IIF). In brief, the tetracycline gene of the pACYC-
184 plasmid was completely replaced with the grol gene containing the His tag using a
ClonExpress® II One Step Cloning Kit (Vazyme, Nanjing, China), and then, the recombinant
plasmid was transformed into C. sakazakii. The recombinant bacteria were cultured to OD600
1.0, and subsequently, the bacteria were washed three times with a PBS buffer. The bacteria
were treated with an anti-His-Tag monoclonal antibody (ABclonal, Wuhan, China) (60 min
incubation, 1:100 in PBS) and subsequently with the secondary antibody goat anti-mouse
IgG (H+L)-FITC (Sungene Biotech, Shanghai, China) (60 min incubation, 1:2000 in PBS).
The fluorescence signals were detected using a confocal microscope (Lecia Tcs Sp8, Weztlar,
Germany). C. sakazakii containing an empty pACYC-184 plasmid was used as control. The
primers for amplifying the grol gene (F1, R1) and the pACYC-184 backbone vector (F2, R2)
are shown in Table S1.

2.5. Adhesive Ability of GroEL to HCT-8 Cells

E. coli BL21 (DE3) containing recombinant pET-26b-grol was used to express recombi-
nant GroEL (rGroEL), followed by the purification of rGroEL as described previously [28].
IIF was used to determine the adhesion of GroEL to HCT-8 cells. Briefly, the human
enterocyte-like epithelial HCT-8 cells (ATCC) were maintained in RPMI 1640 medium
(Gibco, Stockrick, CA, USA) containing 10% fetal bovine serum (Gibco, Stockrick, CA, USA)
and then transferred to a coverglass-bottom dish for further culture until monolayer cells
covered the dish bottom. After discarding the culture medium, the cells were washed three
times with phosphate-buffered saline (PBS) (in each step of the subsequent treatment, the
cells were washed in the same way), followed by fixing the cells with ice-cold 4% formalde-
hyde for 15 min and incubation with purified rGroEL at 37 ◦C for 30 min in serum-free
RPMI 1640 medium. Subsequently, the cells were incubated with an anti-His-Tag mono-
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clonal antibody (60 min incubation, 1:100 in PBS) and then with the secondary antibody
goat anti-mouse IgG (H+L)-FITC (60 min incubation, 1:2000 in PBS). The cell nuclei were
stained using 4, 6-diamidino-2-phenylindole (DAPI). The control group was prepared by
using the eluent from the His-Tag Purification Resin, which was loaded with total proteins
of E. coli BL21 (DE3) containing empty plasmid pET-26b (isoconcentration imidazole eluent)
to replace rGroEL, and the other steps were the same as described above. Fluorescence was
detected with a confocal microscope.

2.6. Determination of GroEL Protein Virulent Effects

The virulent effects of GroEL were evaluated by determining the viability of cells as
described previously with some modifications [26]. Briefly, HCT-8 cells were plated on 96-
well plates to yield monolayer cells, followed by adding purified rGroEL and culturing the
cells for another 48 h at 37 ◦C in serum-free RPMI 1640 medium. The growth of HCT-8 cells
was studied using 0.1% crystal violet (CV) staining and the absorbance was measured at
OD595. The viability of HCT-8 cells was analyzed by using a 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide assay (MTT assay), and the absorbance was detected at
OD495. The eluent of E. coli BL21 (DE3) containing empty plasmid pET-26b was used instead
of rGroEL as a control. Then, 5 μg/mL rGroEL was treated using 2 μg/mL anti-GroEL
monoclonal antibody at 4 ◦C for 2 h before stimulating the host cells (cure group).

2.7. Detection of Cytokines

The pro-inflammatory cytokines were analyzed using an enzyme linked immunosor-
bent assay. Briefly, HCT-8 cells were plated on 6-well plates to yield monolayer cells,
followed by adding purified rGroEL (3 μg/mL, final concentration), culturing the cells for
24 h, and identifying the cytokines in the supernatant. To verify whether the specific release
of cytokines was due to rGroEL bioactivity, rGroEL pretreated with 1 μg/mL anti-GroEL
monoclonal antibody for 2 h at 4 ◦C was used as a negative control to stimulate the host cells
(anti-GroEL group). The eluent of E. coli BL21 (DE3) containing empty plasmid pET-26b was
also used as a negative control (ck group). Tumor necrosis factor-α (TNF-α) was measured
using ELISA kits (Jiancheng, Nanjing, China). Interleukin-6 (IL-6) and interleukin-8 (IL-8)
assays were undertaken by the Beijing Sinouk Institute of Biological Technology.

2.8. Signaling Pathway Analysis

Cell culture followed the steps in Section 2.7. The culture medium was discarded
and the remnants were washed three times with a PBS buffer, following which a weak
RIPA buffer (Sigma) was used to digest them. This was followed by centrifugation at
4 ◦C (12,000× g, 15 min) to remove cell debris, and then, phosphatase Inhibitor (Merck,
Darmstadt, Germany) and PMSF (Sigma, St Louis, MO, USA) were added to avoid protein
degradation. The detection of signaling pathway proteins was carried out using a Western
immunoblot. The monoclonal antibodies including anti-NF-Kb, anti-IκBα, anti-p-IκBα
(Abcam, Cambridge, UK) and anti-beta actin (preserved in our laboratory) were used in
this process, respectively. The specific method followed the steps in Section 2.3. As for the
difference in the tight-junction protein between the GroEL-treated group and the control
group, the total RNA of each group was extracted, followed by the construction of cDNA
using the PrimeScript™ II Reverse Transcriptase kit (Takara, Kyoto, Japan). Subsequently,
real-time quantitative PCR (RT-qPCR) was used to detect the transcription levels of the
relative genes. The transcription level of the relative genes was analyzed using the 2−ΔΔCt

method. 2−ΔΔCt method (please delete it).

2.9. C. sakazakii grol Gene Silencing

The detailed protocol for inhibiting grol gene expression was performed as previously
reported with some modifications [29]. Briefly, the protospacer adjacent motif (PAM) was
designed as ‘GGACACGCCGTCTTTGGTGA’ to target the non-template DNA strand of the
C. sakazakii grol gene. The PAM motif was linked to the pTargetF plasmid (spectinomycin
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resistant) with the primers F3 and R3 by reverse PCR (Table S1). The plasmid of the
pdCas9-bacteria (chloramphenicol resistant) donated inactive cas9 protein. In the case
of adding spectinomycin and chloramphenicol at the same time, the bacteria containing
the two aforementioned plasmids were cultured in LB medium with (CRISPRi-treated
group) or without (untreated group, to remove the interference of spectinomycin and
chloramphenicol) 1 μM anhydrotetracycline.

2.10. Bacterial Viability Assay

The MTT assay method was used to measure the bacterial viability [30]. Briefly, the
bacteria were cultured to an OD600 of 0.6, followed by collection of the bacteria, three
washes with PBS buffer, and dilution of the bacteria with fresh LB medium to an OD600 of
0.1. Subsequently, 200 μL bacterial suspension and 20 μL MTT (the final concentration was
0.5%) were transferred precisely in a 37 ◦C preheated 1.5 mL tube, followed by manually
mixing the tube for a few seconds to initiate the reduction reaction and then incubating
the mixture at 37 ◦C for 20 min to produce formazan crystals. Finally, the crystals were
dissolved in dimethyl sulfoxide (DMSO), and the absorbance was measured at OD550.

2.11. Bacterial Adhesion and Invasion

Briefly, HCT-8 cells were cultured as described for the experiment to evaluate GroEL
virulent effects. Logarithmic-phase bacteria were washed three times with PBS buffer to
remove excess antibiotics. Next, equal amounts of different bacteria (untreated group,
CRISPRi-treated group) were added into 96-well plates and incubated for 30 min. Host
cells were washed three times with PBS buffer and treated with Triton X-100, followed by
counting of the adherent bacteria. As for the bacterial invasion, the bacteria and HCT-8
cells were co-incubated for 90 min, followed by using 100 μg/mL gentamicin to destroy
the bacteria adhering to the surface of host cells and then three washes with PBS buffer.
Finally, the HCT-8 cells were treated with Triton X-100 to release the invaded bacteria and
then the number of bacteria was determined.

2.12. Biofilm Formation Experiment

The biofilm formation experiment was analyzed through fluorescence staining. Logarithmic-
phase bacteria (100 μL) were transferred to a coverglass-bottom dish and cultured statically
for 3 days at 37 ◦C to establish a biofilm, followed by fixing the biofilm with 4% glutaralde-
hyde overnight at 4 ◦C. After removing the supernatant and washing three times with PBS,
the biofilm was stained using SYBR Green I at room temperature for 30 min in the dark,
followed by removing the fluorescence dye and washing three times with PBS. Finally, the
morphology of the biofilm was observed under a confocal laser scanning microscope (Leica
TCS SP8, Weztlar, Germany).

2.13. Bacterial Motility and Morphology

Bacterial motility was observed on an LB medium (0.3% agar powder). Briefly, differ-
ent groups of logarithmic-phase bacteria (untreated group, CRISPRi-treated group) were
added to semi-solid LB medium in an equal amount. After culturing at 25 ◦C or 37 ◦C for
12 h, the bacterial motility was observed. The morphological characteristics of the bacteria
were investigated using a scanning electron microscope (SEM). Before measurement, the
samples were coated with a gold layer, followed by observation of the samples in an SEM
(SU1510, Hitachi, Tokyo, Japan) operating at 4700× magnification.

2.14. Statistical Analysis

The SPSS 18.0 software was used for statistical analysis of the data. The significant
differences of the results were assessed using the unpaired t-test or Duncan’s test. A thresh-
old below p-values of 0.05 was considered statistically significant (N * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). At least three independent replicates were conducted for each
experiment, and the results were expressed as mean ± deviation.
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3. Results

3.1. Subcellular Localization and Quaternary Structure of GroEL

GroEL is a mainly cytosol-localized protein of C. sakazakii with an important role in
the regulation of biological process of the bacteria and may contribute to the interaction
of C. sakazakii with the host when the protein occurs extracellularly. In order to further
understand the virulent roles of GroEL, the subcellular localization of this protein was
investigated in detail. The localizations of GroEL in different fractions of C. sakazakii
were confirmed based on the Western immunoblot using a GroEL-specific monoclonal
antibody. As shown in Figure 1A,B, GroEL was found in all bacterial fractions, and most
of it was retained in the cytoplasm. Some GroEL was also found in the periplasm and
the ultracentrifuged supernatant (the fraction that removed the OMV). In the insoluble
fractions (cytoplasmic membrane, outer membrane and OMV), the highest amount of the
protein was detected in the OMV fraction. In order to identify whether GroEL exists on
the bacterial surface, the overexpression of recombinant GroEL was detected on whole
C. sakazakii cells through IIF. Irradiated bacteria that could recombinantly express GroEL
emitted green fluorescence (Figure 1C), and there was no fluorescence signal in the control
group, indicating that the GroEL was located on the surface of the bacterium. In order to
know the forms of exported GroEL, the fractions of the periplasm and OMV were separated
and tested using non-reduced SDS-PAGE and detected using a Western immunoblot. As
shown in Figure 2A, the abundant monomer (60 kDa) and dimer (120 kDa) of GroEL
were detected in the periplasmic fraction. Meanwhile, in the OMV fraction, most of this
protein was mainly in the form of a monomer, and only trace amounts of dimeric GroEL
(120 kDa) were detected, indicating that C. sakazakii exported GroEL protein mainly in the
monomeric form.

Figure 1. Cont.
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Figure 1. Localization of the GroEL protein in C. sakazakii. (A) SDS-PAGE of different fractions of
C. sakazakii and the band of GroEL (60 kDa) is labeled with an asterisk; each lane contains 10 μg pro-
teins except for ultracentrifuged supernatant fraction (30 μg). M, protein marker; Lane 1, cytoplasm;
Lane 2, cytoplasmic membrane; Lane 3, outer membrane; Lane 4, periplasm; Lane 5, ultracentrifuged
supernatant; Lane 6, OMV. (B) Identification of GroEL (top) and the periplasmic maltose binding
protein MBP (dwon) in various bacterial fractions using Western immunoblot, the band of GroEL
(60 kDa) is labeled with an asterisk (please delete it). MBP (43.4 kDa) was used to evaluate bacte-
rial lysis, and anti-MBP monoclonal antibody (Abclonal, Wuhan, China) was used to identify this
protein. Lane 1, cytoplasm (10 μg); Lane 2, cytoplasmic membrane (10 μg); Lane 3, outer membrane
(10 μg); Lane 4, periplasm (10 μg); Lane 5, ultracentrifuged supernatant (30 μg); Lane 6, OMV (10 μg).
(C) Indirect immunofluorescence detection of GroEL protein associated with bacterial surface. The
fluorescence signal was taken from the visual field at 400× (top) and 630× magnification (bottom),
respectively. * p < 0.05.

3.2. Virulent Effects of rGroEL Protein on HCT-8 Cells

In order to verify the exact virulent roles of GroEL, the recombinant expressed protein
(rGroEL) was prepared, and the virulence was investigated. After expressing recombinant
GroEL protein in E. coli BL21 (DE3) and purifying it through affinity chromatography,
the Western immunoblot was used to identify purified rGroEL. As shown in Figure 2B,
the molecular weight of the rGroEL is approximately 60 kDa. The purifed rGroEL only
contained monomeric and dimeric forms, which were identified by Gel permeation chro-
matography. After co-incubation with host cells for 30 min, the distribution of rGroEL
in HCT-8 cells was analyzed using IIF and the results are shown in Figure 3A, which
was taken using a confocal microscope with 400× magnification. The whole cell surface
was seen to be full of green fluorescence, indicating that C. sakazakii GroEL could rapidly
adhere to HCT-8 cells in 30 min. The adverse effects of C. sakazakii GroEL on HCT-8 cells
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was evaluated by measuring the viability of residual HCT-8 cells after co-incubation with
rGroEL in a serum-free RPMI 1640 medium. With an increase in rGroEL concentration,
both the viability and the number of host cells in the culture decreased. When the rGroEL
concentration reached 10 μg/mL, the viability and the number of host cells reduced to
3.46% (p < 0.001; Figure 3B) and 4.71% (p < 0.0001; Figure 3C) relative to the control group,
respectively. As for the cure group, the viability and the number of host cells recovered
33.82% (p < 0.001) and 21.03% (p < 0.001) compared with the group that was treated with
5 μg/mL rGroEL, respectively. These data indicate that C. sakazakii GroEL had a harmful
effect on host cells and could induce dose-dependent apoptosis or cell necrosis, especially
at a high dose.

 

Figure 2. (A) The quaternary structure of GroEL in periplasmic fraction and OMV. Lane 1, periplasm
(40 μg); Lane 2, OMV (60 μg). (B) Purification of recombinant GroEL protein through affinity
chromatography. M, protein marker; Lane 1, SDS-PAGE profile depicting purification of rGroEL that
has removed the signal peptide of plasmid vector; Lane 2, identification of rGroEL using Western
immunoblot. (C) SDS-PAGE profile analyzing the expression level of GroEL protein of bacteria,
and the band of GroEL (60 kDa) is labeled with an asterisk. M, Marker; Lane 1, untreated group
(10 μg); Lane 2, CRISPRi-treated group (10 μg). (D) Quantification of relative expression of grol gene
using Western immunoblot. Lane 1, untreated group (10 μg); Lane 2, CRISPRi-treated group (10 μg).
* p < 0.05.
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Figure 3. GroEL virulent effect determination. (A) IIF for the localization of recombinant GroEL
in HCT-8 cells, 400× magnification; FITC, identification of recombinant GroEL on the surface of
HCT-8 cells using FITC fluorescence staining; DAPI, fluorescent staining of cell nuclei by DAPI;
White, observation of HCT-8 cells at light microscope, Merge, the overlaying of the above three
images. (B) changes in the vitality of HCT-8 cells after GroEL treatment; (C) changes in the number of
HCT-8 cells after GroEL treatment. Three independent replicates were conducted for each experiment.
*** p < 0.001, **** p < 0.0001.

3.3. Nuclear Factor Kappa-B (NF-κB) Activization and Downregulation of Tight-Junction Proteins
in HCT-8 Cells under rGroEL Stimulation

To explore whether C. sakazakii GroEL has ability to activate intracellular signal trans-
duction in HCT-8 cells, the expression of related proteins of NF-κB pathways was detected
using a Western immunoblot. As shown in Figure 4A, there was no significant difference in
the total expression of NF-κB inhibitor alpha (IκBα) under the addition of rGroEL protein,
while rGroEL could promote the expression of phospho-IκBα (p-IκBα), which was an
activated hallmark of NF-κB. In addition, rGroEL stimulated a concomitant increase in
NF-κB, indicating that C. sakazakii GroEL could activate NF-κB pathways to regulate the
release of pro-inflammatory cytokines. In the meantime, the relative gene transcription of
tight-junction proteins were significantly reduced in rGroEL-treated cells. The quantities of
gene transcription were detected through RT-qPCR, and the relative primers are shown
in Table S1. As shown in Figure 4B, the gene transcriptional levels including those of
claudin-1(CLDN-1), occluding (OCLN), ZO-1 and ZO-2 decreased by 46.59% (p < 0.01),
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23.61% (p < 0.05), 33.28% (p < 0.05), 35.62% (p < 0.01), respectively, which indicated that C.
sakazakii GroEL was able to assist the bacteria to invade host cells easily.

 

Figure 4. GroEL contributes to NF-κB activation and intestinal cell permeability. (A) Immunoblot of
GroEL-induced relative signaling proteins of NF-κB pathways levels in HCT-8 cells. β-Actin was
used as control. (B) RT-qPCR detected the transcription level of related tight-junction protein genes
of HCT-8 cells. The gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as control.
And each experiment was repeated at least three times. * p < 0.05, ** p < 0.01.

3.4. Cytokine Release from HCT-8 Cells under rGroEL Stimulation

The mechanism by which rGroEL induces cell apoptosis or cell necrosis was further
investigated by using an immunoenzymatic method to measure the pro-inflammatory
cytokines, including TNF-α, IL-6 and IL-8, in the cell supernatant. As shown in Table 1,
3 μg/mL rGroEL could stimulate HCT-8 cells to produce 439.35 ± 14.71 pg/mL TNF-
α, which was 33.68% higher than that of the control group (p < 0.0001). Meanwhile,
13.29 ± 0.57 pg/mL IL-6 and 11.23 ± 0.64 pg/mL IL-8 were released, which were 25.26%
(p < 0.0001) and 110.69% (p < 0.001) higher than those of the control group, respectively.
However, the production of the three cytokines could not be significantly (p > 0.05) im-
proved when the HCT-8 cells were stimulated with rGroEL treated with a specific anti-
GroEL monoclonal antibody.

Table 1. Determination of pro-inflammatory factors released by HCT-8 cells under the stimulation
of GroEL.

Pro-Inflammatory
Cytokines (pg/mL)

Control rGroEL
rGroEL +

Anti-GroEL

TNF-α 328.66 ± 21.36 439.35 ± 14.71 344.97 ± 28.47
IL-6 10.61 ± 0.38 13.29 ± 0.57 10.89 ± 1.32
IL-8 5.33 ± 0.55 11.23 ± 0.64 6.23 ± 1.43

3.5. CRISPRi-Mediated grol Gene Silencing and Bacterial Viability

In order to further examine the virulent roles of GroEL, the grol gene was silenced in
C. sakazakii using the CRISPRi method. Expression of the GroEL protein was detected using
SDS-PAGE. As shown in Figure 2C,D, the CRISPRi-treated group versus the untreated
group, 80% downregulation in the GroEL protein expression was observed based on the
analysis of the Western blot gray intensity. In order to add the same amount of viable
bacteria in the following experiments, we measured the bacterial viability using the MTT
assay after CRISPRi treatment. As shown in Figure S2B, the bacterial viability of the
CRISPRi-treated group was 327.35 ± 19.34 MRU/mL OD600, and there was no significant
difference in viability among all the groups in the logarithmic growth phase, suggesting
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that grol gene silencing did not dramatically decrease the bacterial viability and that adding
an equal amount of bacteria in the subsequent experiments could ensure the same viability
for different bacterial groups.

3.6. Effects of GroEL on C. sakazakii Adhesion and Invasion

The foregoing adhesion-based analysis suggested that GroEL could interact with
HCT-8 cells. Whether GroEL is an important participant in the interaction with HCT-8
cells in active C. sakazakii cells was determined by comparing the adhesion or invasion
of the grol gene knockout strain with the control groups. As shown in Figure 5A, only
2.3 × 103 CFU/well of CRISPRi-treated bacteria could adhere to host cells, accounting
for 31.84% (p < 0.001) of the untreated group. In terms of bacterial invasion (Figure 5B),
4.18 × 106 CFU/well of bacteria invaded the HCT-8 cells, covering 57.1% (p < 0.001) of the
untreated group.

Figure 5. Adhesion (A) and invasion (B) of bacteria to HCT-8 cells. Each experiment was repeated
three times. *** p < 0.001.

3.7. Effects of GroEL on Biofilm Formation, Motility and Morphology of C. sakazakii

The biofilm formation of C. sakazakii was evaluated through SYBR Green I staining. The
results are shown in Figure 6A, the biofilm showed green fluorescence under 3D confocal
scanning microscopy. The biofilm in the CRISPR-treated group showed a scattered form
and faint green fluorescence, in contrast to a bright and compact biofilm in the untreated
group. Through grayscale analysis, the fluorescence of the CRISPRi-treated group was
approximately 57.14% that of the untreated group (p < 0.001), indicating the defective
biofilm forming capacity of the CRISPRi-treated group. The effect of grol gene silencing
on bacterial motility was investigated by adding an equal amount of different bacteria to
semi-solid LB medium and culturing for 12 h. As shown in Figure 6B, the CRISPRi-treated
group exhibited defective motility at 37 ◦C. As for bacterial morphology, the SEM images
of bacteria were taken from the visual field at 4700× magnification (Figure 6C). Compared
with the control group, the CRISPRi-treated group showed filamentation, with the number
of abnormal bacteria accounting for about 3–5% and the length of the filamentous cell
reaching about 10–40 μm.
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Figure 6. (A) Quantification of biofilm via SYBR Green I stain; (B) bacterial motility assay at 37 ◦C;
(C) bacterial morphological observation through SEM.

4. Discussion

C. sakazakii is a redefined pathogen, and its virulence determinants are not well under-
stood, although several common virulence factors studied in Gram-negative bacteria have
been shown to affect the pathogenicity of C. sakazakii [8–14]. In this study, we elucidated
that the GroEL protein was a potential virulence factor of C. sakazakii from three aspects
including the secretion of GroEL, its virulence mechanism and its effects on bacterial character.

Most research has focused on the chaperone activity of GroEL in recent years, while
in this study, the protein was found have the capability to overcome terrible obstacles
composed by the C. sakazakii envelope and may act as a potent virulence factor in dis-
ease initiation. It is necessary that most GroEL is retained in the cytoplasm because the
bacteria require the chaperone activity of GroEL to maintain protein homeostasis in the
cytoplasm. Other fractions associated with GroEL indicate the complicated process of
secretion of this protein. However, GroEL was mainly exported as a monomer, although
trace amounts of dimeric GroEL (120 kDa) were detected in the OMV fraction (Figures 2
and S1). Zhao has reported that GroEL secretion requires an intact dimeric protein complex
in Bacillus subtilis [31]; however, we consider that the dimeric GroEL should stem from slow
reconstitution of the monomer because the GroEL sequence contains the information for
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its folding, assembly, and function [32]. Furthermore, C. sakazakii’s exported monomeric
GroEL appears to be more energy efficient and more flexible to recognize host receptors
than the bulky dimer. The GroEL in the ultracentrifuged supernatant fraction had the same
molecular weights as that in the OMV fraction, including 50, 60 and 70 kDa, while the
50 kDa GroEL was absent in the outer membrane fraction. We speculate that the 70 kDa
band may contain an unknown 10 kDa protein to assist GroEL transmembrane transport
because GroEL does not carry the classical signal peptide and anchor sequence. The 50 kDa
band may be a degradation product. It has been reported that a GroEL nanocage could bind
to the cytoplasmic membrane protein SecA, which is the core protein of the Sec system, and
participate in transmembrane transport of secretory proteins by promoting secA release
from the membrane in E. coli [33]. We consider that the misfolded GroEL might be unfolded
by the GroEL–GroES nanocage and captured by SecA and subsequently secreted by the Sec
system. The exported GroEL was able to exist on the bacterial surface and thus strengthen
the colonization intensity of C. sakazakii.

To date, the toxicity of GroEL in prokaryotic organisms has been studied preliminarily
only in several bacteria that cause specific tissue diseases, such as Porphyromonas gingivalis,
in which GroEL could aggravate the alveolar inflammation and bone loss of rats, leading
to the occurrence of periodontal disease [34], and Mycobacterium tuberculosis, in which
the grol gene mutant could not produce granulomatous inflammation in animal experi-
ments [35]. To our knowledge, no reports are available regarding the GroEL virulent effects
of C. sakazakii. In this study, the C. sakazakii GroEL was proved to have dose-dependent
virulent effects on HCT-8 cells. Furthermore, C. sakazakii GroEL could activate the NF-κB
signaling pathway to produce more pro-inflammatory cytokines, including TNF-α, IL-6
and IL-8, which could promote a serious inflammatory reaction and hamper intestinal
mucosal barrier function. Previous studies have shown that the levels of IL-6 and IL-8 were
significantly increased in intestinal epithelial cells after barrier disruption [36,37]. The in-
creased release of these cytokines, especially pleiotropic cytokine TNF-α with the potential
to induce apoptosis, was closely related to the expression and the cellular redistribution of
epithelial junctional proteins [38], facilitating myosin light-chain kinase (MLCK)–mediated
opening of the epithelial barrier [39,40]. Here, the stimulation of C. sakazakii GroEL also
caused the low expression of some tight-junction proteins including claudin-1, occluding,
ZO-1 and ZO-2 in HCT-8 cells. The cell barrier became permeable with the reduction in the
tight-junction proteins, especially at inflammatory sites [41]. These reports indicate that
C. sakazakii GroEL may induce the dysfunction of intestinal epithelial cells by stimulating
host cells to produce excessive pro-inflammatory cytokines, leading to the occurrence of
bacterial translocation and inflammatory bowel diseases [40].

The GroEL–GroES system could capture more than 250 substrate proteins, and most of
these proteins are involved in bacterial survival or pathogenicity [42]. When the expression
of GroEL was inhibited to about 80%, C. sakazakii vitality was not affected, and only a
slower growth of bacteria was observed (Figure S2A), indicating a small amount of GroEL
formed nanocages to sustain the survival of the bacteria. Biofilms have been shown to be
implicated in the infection and environmental persistence of C. sakazakii [1], and defective
biofilm formation was also found in the CRISPRi-treated group in this study. The protein
kinase PrkC regulates the phosphorylation of GroEL, which contributes to the formation
of GroEL-GroES nanocage, and then the GroEL nanocage mediates the folding of rele-
vant phosphokinases, thereby promoting bacteria to form more abundant biofilms [43,44].
This beneficial cycle is damaged by grol gene silencing, which impairs the formation of
biofilms in C. sakazakii. The CRISPRi-treated group also showed defective motility despite
no involvement of GroEL in the folding of flagellin [42]. However, there was an abundant
inclusion body of DnaK/DnaJ protein on the low expression of GroEL in E. coli. The
DnaK/DnaJ/GrpE system held an extensive substrate network, and studies have shown
that the DnaK mutant of Clostridium difficile lacks flagella and motility [45,46]. Therefore,
the decreased motility in the CRISPRi-treated C. sakazakii may be caused by the impaired
DnaK/DnaJ/GrpE system. The grol gene silencing also aggravated C. sakazakii filamen-
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tation, which may be attributed to the cell-division proteins FtsE [47]. Additionally, the
bulkily filamentous cells will further damage the flexibility of the bacteria and thus impair
the motility of C. sakazakii. However, the production of LPS and lipid A were not affected
(Figure S3A,B) despite the involvement of some substrate proteins of GroEL in carbohy-
drate/lipid transport and metabolism [39]. In short, the abovementioned physiological
defects caused by deficient GroEL will weaken the pathogenicity of C. sakazakii.

5. Conclusions

In conclusion, this study proved that the GroEL protein is a potential virulence factor.
C. sakazakii could mainly export monomeric GroEL protein through its OMVs. The exported
GroEL could exist on the surface of the bacteria and was able to quickly adhere to human
enterocyte-like epithelial cells, indicating that GroEL contributed to bacterial adhesion and
colonization. GroEL could individually activate the NF-κB signaling pathway to induce the
inflammatory response and downregulated the expression of some tight-junction proteins,
ultimately causing necrosis of the host cell, which would be beneficial for the bacteria to
cross the intestinal barrier. In addition, other properties associated with the pathogenicity
of the bacteria, including biofilm formation, motility and morphological character, were
controlled by the expression of GroEL. These abovementioned facts indicate that GroEL is
important for bacterial pathogenicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12183404/s1. Figure S1: The quaternary structure of GroEL
in various fractions. Based on the content of GroEL in the cytoplasm, the proportion of GroEL in other
fractions is calculated through gray-scale scanning, so as to calculate the loading quantity of other
fractions of protein samples. Lane 1, cytoplasm (10 μg); Lne 2, cytoplasmic membrane (31 μg); Lane 3,
outer membrane (125 μg); Lane 4, periplasm (19 μg); Lane 5, ultracentrifuged supernatant (64 μg);
Lane 6, OMV (13 μg). Figure S2: (A) Bacterial growth curve (37 ◦C); (B) MTT experiment assays of
the viability vitality of logarithmic-phase bacteria which is in logarithmic phase. ns: no significant
difference. Figure S3: Determination of the production of LPS, and two groups of LPS samples with
the equal amounts were loaded. (A) Quantification of LPS production; (B) Silver staining assays
of LPS components. Lane1, Untreated group; Lane 2, CRISPRI-treated group. ns: no significant
difference. Table S1: Primers used in this study.
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Abstract: The present study aimed to determine the genotyping diversity and hemolytic properties
of 24 strains of Cronobacter spp. (15 Cronobacter sakazakii, 6 Cronobacter malonaticus, 2 Cronobacter
turicensis, and 1 Cronobacter condimenti) isolated from commercial ready-to-eat leaf vegetables, sprouts,
nuts, and dried fruits. The multilocus sequence typing (MLST) method was used to determine
the sequence types (ST) and clonal complexes (CC) of these strains. The study demonstrated the
high genotypic diversity of the Cronobacter genus bacteria isolated from plant-based foods. Five
novel sequence types (804, 805, 806, 807, and 808) and the presence of novel alleles in the ppsA, gltB,
gyrB, and infB loci were detected. In total, 16 of the 24 strains were assigned to the sequence types
ST99, ST258, ST17, ST648, ST21, ST494, and ST98. One C. sakazakii strain (s12) isolated from alfalfa
sprouts was assigned to the clonal complex CC4, which encompasses strains often associated with
severe infections leading to meningitis in infants. In addition, 87.5% and 16.7% of the Cronobacter
spp. strains showed β-hemolysis of equine and sheep red blood cells, respectively. The presence
of the pathogenic species C. sakazakii, C. malonaticus, and C. turicensis in ready-to-eat plant-derived
food products shows they are potential sources of infection, especially to those with compromised
immunity, which substantiates their further multi-faceted characterization. The significance of this
study may prove useful not only in epidemiological investigations, but also in assessing the risk of
infections caused by the presence of Cronobacter.

Keywords: Cronobacter spp.; MLST; hemolysis; sequence types; clonal complexes; sprouts; nuts;
ready-to-eat leaf vegetables

1. Introduction

Cronobacter bacteria are motile, facultatively anaerobic, Gram-negative rods of the
family Enterobacteriaceae. The history of this genus is relatively short, as it was only in 2007
that organisms previously classified on the basis of their phenotypic features as Enterobacter
sakazakii (and even earlier as yellow-pigment-producing Enterobacter cloacae) were assigned
to the new genus Cronobacter, then composed of four species. However, as knowledge of
the diversity of the genus improved, it was expanded to the currently agreed composition
of seven species. Of the seven Cronobacter species, C. sakazakii, C. malonaticus, and C.
turicensis have been recognized as important human pathogens resulting in opportunistic
infections [1,2]. These bacteria can cause severe, invasive infections in preterm infants, low-
birth-weight infants, neonates hospitalized in intensive care, and immunocompromised
infants, as well as immunocompromised adults and the elderly [2,3]. Infections caused by

Foods 2023, 12, 3873. https://doi.org/10.3390/foods12203873 https://www.mdpi.com/journal/foods
100



Foods 2023, 12, 3873

Cronobacter spp. in infants are associated with a high mortality rate, ranging from 40 to
80% [4,5], with frequent neurological complications observed in 20% of convalescents [6,7].
Cronobacter bacteria cause bacteremia, necrotizing enterocolitis, meningitis, and sepsis in
neonates and infants, and wound and urinary tract infections in adults [7,8]. In 2002,
the International Commission for Microbiological Specification for Foods (ICMSF) placed
Cronobacter (then known as Enterobacter sakazakii) in group I.B., which covers pathogenic
bacteria that are a “severe hazard for restricted populations, life threatening or substantial
chronic sequelae or long duration” [9]. The number of Cronobacter infections reported in
the literature is relatively low and is most likely underestimated, as it is generally not a
mandated notifiable disease [7,10].

The prevalence of Cronobacter spp. in various food products has been confirmed
in investigations conducted across many countries [11–26], with C. sakazakii being the
most frequently isolated species. The presence of pathogenic C. sakazakii, C. malonaticus,
and C. turicensis in ready-to-eat food products (RTE) makes them putative sources of
infections [16,19–23,27]. Cronobacter spp. have been isolated from a range of plant-origin
foods, including ready-to-eat vegetables, cereals, and nuts [19,23,28]. Productive sources
of Cronobacter strains are fresh or dried herbs and spices [29]. Although the bacterium
has been isolated from various plant-based food products, no foodborne infections have
been reported. The majority of Cronobacter infections occur in the adult population, but are
less severe. Cases of Cronobacter infection in all age groups are probably under-reported
for a number of reasons, such as misidentification as Enterobacter cloacae [29]. To date,
very little is known about the genotyping diversity and hemolytic activity possessed by
such plant-origin Cronobacter. The characterization of strains from plant-based foods with
genomic features similar to clinically relevant strains of different Cronobacter spp. sequence
types (STs) suggests that these foods may serve as potential vehicles for the transmission of
opportunistic pathogens. Therefore, it is necessary to understand the genotyping diversity
of Cronobacter spp. associated with plant-based foods to improve food safety.

As an intestinal pathogen, the main route of Cronobacter entry into the human body is
through the consumption of contaminated food. These pathogens show a high tolerance to
stressful environments, being one of the most heat-tolerant members of the Enterobacteri-
aceae family [5], extremely resistant to low water activity of the environment [30,31], able to
tolerate acidic conditions as low as pH 4.2 [7] and produce biofilms that increase their sur-
vival under food production conditions [32]. After entering the host, the infection strategy
consists of the following stages: (i) the colonization of the mucosa (intestinal, respiratory,
or the urinary tract epithelia); (ii) the circumvention, subversion, and exploitation of host
defenses; (iii) systemic spread and multiplication (within the blood or phagocytes); and
(iv) host damage (through the expression of toxins and/or damage due to the proinflam-
matory modulation of the human immune system) [8].

Various hemolysins and hemolysis-related genes have been reported in Cronobacter
genomes by Joseph et al. [4]. The hemolysin gene (hly) was present in all the genomes, with
the only exceptions being C. sakazakii strain 701 and C. malonaticus strain 507. Most of the
strains had two copies of the hemolysin gene and the hemolysin activator protein precursor
gene [4]. Cruz et al. [33] identified the hemolysin gene (hly) as a hemolysin III homolog
(COG1272), and Jang et al. [34], studying 390 strains, showed that all seven species tested
possessed the hemolysin III COG1272 gene homolog. Additionally, three other hemolysin
genes were identified, including genes encoding the cystathionine β-synthase (CBS) domain
containing hemolysin, putative hemolysin, and 21 kDa hemolysin [34]. Umeda et al. [35]
reported that all analyzed Cronobacter strains exhibited β-hemolytic activity against guinea
pig, horse, and rabbit erythrocytes and that 92.9% of the strains were capable of the α-
hemolysis of sheep erythrocytes. The further characterization of individual Cronobacter
species, including strains occurring in food, is, however, needed to establish their hemolytic
capacity. Results related to the hemolytic activity of Cronobacter spp. could extend the
knowledge in this field, enabling the assessment of whether other closely related species
commonly misidentified as Cronobacter (like Franconibacter helveticus, Franconibacter pulveris,
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Siccibacter colletis, and Siccibacter turicensis) differ in their hemolytic phenotypes from the
Cronobacter genus species [36].

Multi-locus sequence typing (MLST) is a genetic method recommended for the char-
acterization, differentiation, and typing of many microorganisms. Conventional MLST
genotypes bacterial strains according to loci (commonly ~500 nucleotides) for seven house-
keeping genes, and it enables the recognition of the sequence types (ST) and clonal com-
plexes (CC) of the tested Cronobacter strains and thus the assessment of their genetic
diversity and clinical significance [4,37].

The genetic basis of the virulence of Cronobacter spp. strains has not been fully eluci-
dated, but some sequence types have been found to be associated with specific types of
infection [37]. Infant meningitis due to Cronobacter spp. is more frequently caused by strains
of C. sakazakii belonging to the CC4 clonal complex (especially ST4), whereas C. sakazakii
ST12 is strongly associated with cases of necrotizing enterocolitis in infants. Infections in
children and adults are mainly caused by the clonal complexes of C. sakazakii CC4 and C.
malonaticus CC7, respectively [2,37].

Since the severity of infections due to Cronobacter spp. may be related to the genotype
of the strain that caused the infection, it is important to determine the STs of isolates from
both clinical and food sources. Therefore, the present study aimed to identify the sequence
types of Cronobacter spp. strains isolated from commercial ready-to-eat leaf vegetables,
sprouts, nuts, and dried fruits. The genotypic analysis of the strains could prove useful not
only in epidemiological investigations, but also in their risk assessments.

2. Materials and Methods

2.1. Materials

The study was conducted with 24 strains of Cronobacter spp., including 15 strains of
C. sakazakii (9n, 10n, 11m, s12, s14, s21, s22, s41, s42, s44, s45, s47, s48, lv25, and lv27),
6 C. malonaticus (5n, 6n, 7n, 8n, 12m, and lv31), 2 C. turicensis (1n and lv54), and 1 C.
condimenti (s37). These isolates were from the bacterial collection of the Division of Milk
Technology, Warsaw University of Life Sciences, Poland. The isolation of these strains from
plant-derived food products, including ready-to-eat leaf vegetables, sprouts, nuts, and
dried fruits, was described in our previous studies (Table 1) [19,23].

Table 1. Strains of Cronobacter spp. used in the study and their origin.

Isolate Species Origin

s12 C. sakazakii Alfalfa sprouts
9n C. sakazakii Brazilian nuts
10n C. sakazakii Brazilian nuts
14 C. sakazakii Alfalfa sprouts
s44 C. sakazakii Mix of sprouts
s45 C. sakazakii Mix of sprouts
s21 C. sakazakii Leek sprouts
s47 C. sakazakii Mix of sprouts
s48 C. sakazakii Mix of sprouts
s22 C. sakazakii Leek sprouts
11m C. sakazakii Mixes of dried fruits, seeds, and nuts
lv25 C. sakazakii Rucola
lv27 C. sakazakii Endive escarola
s41 C. sakazakii Sunflower sprouts
s42 C. sakazakii Sunflower sprouts
5n C. malonaticus Hazelnuts
6n C. malonaticus Cashew nuts
7n C. malonaticus Pini nuts
8n C. malonaticus Macadamia nuts
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Table 1. Cont.

Isolate Species Origin

12m C. malonaticus Mixes of dried fruits, seeds, and nuts
lv31 C. malonaticus Lambs lettuce
1n C. turicensis Almonds

lv54 C. turicensis Mix of leaf vegetables
s37 C. condimenti Small radish sprouts

The Cronobacter spp. strains were stored frozen on Tryptone Soy Broth (TSB) (Oxoid
Argenta, Poznań, Poland) with a 10% glycerol addition at a temperature of −40 ◦C. They
were recovered from the frozen state by transferring 0.1 mL of a defrosted culture onto TSB
of a given strain to 10 mL of sterile TSB, with incubation at a temperature of 35 ◦C for 24 h.
Afterwards, each strain was inoculated onto Tryptone Soy Agar (TSA) medium (Oxoid
Argenta, Poznań, Poland).

2.2. MLST Analysis

The MLST typing followed the methodology of Baldwin et al. [38]. The seven loci
analyzed were glutaminyl tRNA synthetase gene (glnS), glutamate synthase large subunit
gene (gltB), ATP synthase beta chain (atpD), DNA gyrase beta subunit (gyrB), phospho-
enolpyruvate synthase A (ppsA), the gene encoding the translation initiation factor IF-2
(infB), and the gene encoding the translocase protein of the elongation factor EF-G (fusA).
The gene fragments were amplified using primers and PCR conditions according to the
protocol available in the Cronobacter MLST database https://pubmlst.org/organisms/
cronobacter-spp/primers (accessed on 25 May 2020). The genomic DNA was isolated using
the GenElute Bacterial Genomic DNA Kit (Sigma Aldrich, Poznań, Poland), according to
the manufacturer’s instructions. The PCR and sequencing primers were synthesized at
Eurofins Genomics (Ebersberg, Germany). The PCR was performed using the Phusion
High-Fidelity PCR Master Mix with the HF buffer kit (ThermoFisher Scientific, Poland),
in a total volume of 50 μL containing 20–40 ng of template DNA and 10 pmol of each
primer. The polymerase used in the study was characterized by a 50-fold lower error
insertion frequency compared to the standard Taq polymerase. The amplification prod-
ucts were purified using the GenElute PCR Clean-Up Kit (Sigma-Aldrich) or EXOSAP
(ThermoFisher Scientific). The purified amplicons, obtained using standard and alternative
primers (https://pubmlst.org/organisms/cronobacter-spp/primers and https://pubmlst.
org/static/organisms/cronobacter-spp/Cronobacter_alternative_primers.pdf) (accessed
on 20 June 2020), were sequenced in both directions (Eurofins Genomics). Afterwards,
the obtained nucleotide sequences were compared with the sequences deposited in the
Cronobacter MLST database (https://pubmlst.org/cronobacter/) (accessed on 17 October
2020). Alleles were determined for the seven loci, which identified their sequence type and
clonal complex. Novel alleles and sequence types were assigned by the MLST database
curator, Prof. Stephen Forsythe.

2.3. Hemolytic activity of Cronobacter spp. Strains

Hemolytic capability was determined on Columbia agar plates with a 5% addition of
horse blood (COH) or sheep blood (COS) (Biomerieux, Warsaw Poland). Various hemolytic
types were identified using the following reference strains: Streptococcus pneumoniae ATCC
6305, Bacillus cereus ATCC 14579, and Listeria innocua ATCC 33090 (Oxoid Argenta, Poznań
Poland).

Single colonies of Cronobacter bacteria grown on TSA medium were transferred using
a sterile, disposable loop to a blood agar plates and incubated at 37 ◦C. The hemolysis
zones on the plates were measured after 96 h of incubation. The appearance of a green zone
around the colony was recorded as α-hemolysis, a transparent zone around the colony was
recorded as β-hemolysis, and no changes on the plate was defined as γ-hemolysis [39].
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3. Results and Discussion

3.1. MLST Analysis

The MLST analysis results confirmed the earlier identification of all the tested strains
obtained using RFLP-PCR: 15 strains belonged to the C. sakazakii species, 6 strains to the C.
malonaticus species, 2 strains to the C. turicensis species, and one strain to the C. condimenti
species. Interestingly, this profiling was consistent with the results of earlier intraspecies
strain differentiation conducted with the RAPD-PCR method, indicating that the strains
sharing the same RAPD pattern concurred with the same sequence type [19,23].

The present study showed that the 24 strains of Cronobacter spp. isolated from plant-
derived foods (ready-to-eat leaf vegetables, sprouts, nuts, and dried fruits) belonged to
14 different sequence types (ST) (Table 2).

Table 2. Comparison of 7-loci MLST for 24 strains from 4 Cronobacter species.

PubMLST
ID

Isolate Species atpD fusA glnS gltB gyrB infB ppsA ST CC

4062 s12 C. sakazakii 5 1 3 3 5 5 4 4 4
4063 9n C. sakazakii 3 12 16 5 16 20 14 17 17
4064 10n C. sakazakii 3 12 16 5 16 20 14 17 17
4065 s14 C. sakazakii 3 11 13 18 11 17 13 21 21
4066 s44 C. sakazakii 3 8 52 54 21 65 73 99 99
4067 s45 C. sakazakii 3 8 52 54 21 65 73 99 99
4068 s21 C. sakazakii 3 8 52 54 21 65 73 99 99
4069 s47 C. sakazakii 3 8 52 54 21 65 73 99 99
4070 s48 C. sakazakii 3 8 52 54 21 65 73 99 99
4071 s22 C. sakazakii 3 8 52 54 21 65 73 99 99
4072 11m C. sakazakii 11 8 24 220 15 56 261 494 -
4073 lv25 C. sakazakii 175 1 120 275 21 234 333 648 -
4074 lv27 C. sakazakii 175 1 120 275 21 234 333 648 -
3574 s41 C. sakazakii 3 1 120 94 270 1 368 804 -
3575 s42 C. sakazakii 3 1 120 94 270 1 368 804 -
4075 5n C. malonaticus 89 13 107 8 10 35 160 258 -
4076 6n C. malonaticus 89 13 107 8 10 35 160 258 -
4077 7n C. malonaticus 89 13 107 8 10 35 160 258 -
4078 8n C. malonaticus 89 13 107 8 10 35 160 258 -
3139 12m C. malonaticus 64 7 64 7 10 16 381 805 -
3576 lv31 C. malonaticus 3 8 10 94 5 93 74 807 -
3573 1n C. turicensis 46 147 42 21 237 193 318 806 -
3140 lv54 C. turicensis 46 5 4 314 279 265 382 808 -
1896 s37 C. condimenti 24 86 96 28 63 42 147 98 -

New assigned allele number and STs are underlined and in bold.

The main STs identified were C. sakazakii ST99 (40%, 6/15), which was isolated from
various sprouts, and C. malonaticus ST258 (66.7%, 4/6), which was isolated from various
nuts. Interestingly, out of the 24 strains, six novel sequence types were defined: ST806 and
ST808 in the C. turicensis 1n and lv54 strains; ST805 and ST807 in the C. malonaticus 12m and
lv31 strains; and ST804 in the C. sakazakii s41 and s42 strains. In the case of the C. malonaticus
12m strain, the analyses showed the presence of a novel allele in the ppsA locus and the
closest match to the 355 allele with four differences (A231G, G291A, T387G, and T438C).
The C. turicensis lv54 strain showed novel alleles in as many as four loci, i.e., gltB, gyrB,
infB, and ppsA. The sequencing chromatograms indicates as the closest match pps159 (C48T,
C57T, C405G, and T459C), gltB64 (A252G, T351C, and T480C), infB80 (C21G), and gyrB31
(C96T and T138C). The remaining detected sequence types included: ST4, ST17, ST648,
ST21, ST494 (C. sakazakii), and ST98 (C. condimenti). Among the 15 C. sakazakii isolates, 4
(s12, 9n, 10m, and 11m,) had STs: ST4, ST17, and ST494, assigned to isolates from clinical
sources in the PubMLST Cronobacter database (accessed: 10 May 2023).
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It is notable that C. sakazakii strains belonging to the sequence type ST4 and the clonal
complex CC4 are often associated with severe infections leading to meningitis in neonates,
children, and adults. These strains have been isolated from milk powder, food products,
ice creams, and powdered infant formulas [2,37]. In the present study, the only ST4 strain
was C. sakazakii s12 (6.6%, 1/15), which was isolated from alfalfa sprouts. Wang et al. [40]
analyzed 84 Cronobacter spp. isolates obtained from foods imported to Beijing in 2006–2015
and identified mainly the pathogenic sequence types ST1 and ST4 in the case of 31.67%
(19/60) and 21.67% (13/60) of C. sakazakii strains, respectively, as well as the ST7 type
in 70.59% (12/17) of C. malonaticus strains. The sequence type ST1 belongs to the clonal
complex 1 of C. sakazakii (CC1), which is the second major ST in the PubMLST database
after ST4 (CC4). ST4 (C. sakazakii) and ST7 (C. malonaticus) were the predominant STs
identified by Li et al. [41] for the Cronobacter spp. isolated from wet rice and flour products
in China. Similarly, Fei et al. [42] determined the sequence types ST4 (19/56, 33.9%), ST1
(12/56, 21.4%), and ST64 (11/56, 16.1%) in C. sakazakii as dominant for Cronobacter spp.
isolated from powdered infant formula collected from Chinese retail markets. The results
of this study may provide a theoretical basis for investigating the transmission routes
and genotyping diversity of Cronobacter spp. and developing more effective methods for
preventing this organism.

3.2. Hemolytic Activity of Cronobacter spp.

The hemolytic activity of the Cronobacter strains was determined (Table 3). In total,
87.5% and 16.7% of the Cronobacter spp. strains were capable of β-hemolysis on the culture
medium with the addition of horse and sheep red blood cells, respectively.

Table 3. Hemolysis of horse blood and sheep blood agars by Cronobacter spp. strains.

Isolate Species
Hemolysis (Zone in mm)

Horse Blood Agar Sheep Blood Agar

s12 C. sakazakii β (2.9) α

9n C. sakazakii β (2.4) α

10n C. sakazakii β (2.8) α

s14 C. sakazakii β (2.7) α

s44 C. sakazakii β (3.3) α

s45 C. sakazakii β (2.8) α

s21 C. sakazakii β (2.4) α

s47 C. sakazakii β (2.5) α

s48 C. sakazakii β (2.8) α

s22 C. sakazakii β (3.2) α

11m C. sakazakii β (1.0) α

lv25 C. sakazakii β (2.5) α

lv27 C. sakazakii β (1.1) α

s41 C. sakazakii β (3.5) β (1.2)
s42 C. sakazakii β (3.1) β (1.0)
5n C. malonaticus β (1.9) α

6n C. malonaticus β (1.0) α

7n C. malonaticus β (2.6) α

8n C. malonaticus β (2.4) α

12m C. malonaticus β (1.0) α

lv31 C. malonaticus α α

1n C. turicensis α β (1.0)
lv54 C. turicensis α β (1.0)
s37 C. condimenti β (1.0) α

A greater capability for β-hemolysis was determined on the horse blood agar, as
indicated by a zone width ranging from 1.0 to 3.5 mm, than on the sheep blood agar—a
zone width ranging from 1.0 to 1.2 mm. Regardless of ST and CC, all the C. sakazakii strains
produced β-hemolysis on the horse blood agar and 86.7% of the strains caused α-hemolysis
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on the sheep blood agar. Both C. sakazakii strains (s41 and s42) belonging to ST 804 were
capable of causing β–hemolysis on both blood agars. In turn, both analyzed C. turicensis
(1n and lv54) strains assigned to different STs (806 and 808) were α-hemolytic on the horse
blood agar and weakly β-hemolytic on the sheep blood agar. All the analyzed strains
of C. malonaticus were capable of α-hemolysis on the sheep blood agar, while one strain
assigned to ST 807 was α-hemolytic on both blood agar media. In the case of C. condimenti
s37, β-hemolysis was shown on the horse blood agar, whereas it caused α-hemolysis on
the sheep blood agar. All the Cronobacter strains assigned to a given ST or CC showed
the same hemolytic activity profile on both blood agar media. The obtained results of the
hemolytic activity of the Cronobacter strains indicated that the type of hemolysis was not
species-specific, but was a strain-dependent feature.

The presence of various hemolysins and hemolysin-related genes in Cronobacter spp.
has been described by many authors [33,34,43]. Fakruddin et al. [44] showed hemolytic
activity on human blood agar with two out of six C. sakazakii strains isolated from food
samples, whereas Rajani et al. [45] demonstrated β-hemolysis on bovine blood agar after
a 4-day incubation at a temperature of 37 ◦C in the case of all 11 C. sakazakii isolates
tested. Furthermore, Cui et al. [46] found that 27 of 31 (87%) Cronobacter isolates were
not capable of hemolysis, except for C. sakazakii SC26, C. malonaticus SD16, C. malonaticus
SD26, and C. muytjensii SD83, as indicated by the cleared zones produced around them.
Finally, Umeda et al. [35] reported that 57 (100%) Cronobacter strains exhibited β-hemolytic
activity against guinea pig, horse, and rabbit erythrocytes, and that 92,9% of the strains
were capable of the α-hemolysis of sheep erythrocytes. It is known that a gene encoding a
hemolysin is present in Cronobacter spp. [33], however, whether this hemolysin is active
and associated with cytotoxicity has not yet been clarified. This requires conducting more
in-depth genetic studies to assign the functionality of these various hemolysin genes to the
appropriate phenotype.

4. Conclusions

The present study demonstrated the considerable genotypic diversity of Cronobacter
strains isolated from plant-based ready-to-eat foods. Five novel sequence types (804, 805,
806, 807, and 808) were detected and novel alleles were found in four loci: ppsA, gltB,
gyrB, and infB. Therefore, future studies should aim to detect more new STs, which, in the
study of the genotypic diversity of Cronobacter spp., are beneficial for monitoring some
sources and will enable the development of more effective methods to control these bacteria.
The sequence type of one C. sakazakii strain (s12) was found to be ST4, which is strongly
associated with meningitis in newborns. It was also found that 87.5% of the Cronobacter spp.
strains were capable of β-hemolysis on the culture medium with horse red blood cells and
16.7% on the medium with sheep red blood cells. The presence of the pathogenic species C.
sakazakii, C. malonaticus, and C. turicensis in ready-to-eat plant-derived food products shows
they are potential sources of infection, especially to those with compromised immunity,
which substantiates their further multi-faceted characterization [47]. The fact that active
hemolysins appear in isolates from plant-based food seems to be disturbing, as this feature
is usually associated with pathogens originating from clinical sources.
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Abstract: Vibrio parahaemolyticus is a halophilic and heat-labile gram-negative bacterium and is the
most prevalent foodborne bacterium in seafood. In order to develop a rapid and sensitive method for
detecting the foodborne pathogenic bacterium Vibrio parahaemolyticus, an aptamer-modified magnetic
nanoparticle and an aptamer-modified upconversion nanoparticle were synthesised and used as
a capture probe and a signal probe, respectively. The aptamer-modified magnetic nanoparticle,
V. parahaemolyticus cell, and aptamer-modified upconversion nanoparticle formed a sandwich-like
complex, which was rapidly separated from a complex matrix using a magnetic force, and the
bacterial concentration was determined by fluorescence intensity analysis. The results showed that
the fluorescence intensity signal correlated positively with the concentration of V. parahaemolyticus in
the range of 3.2 × 102 to 3.2 × 105 CFU/mL, with a linear equation of y = 296.40x − 217.67 and a
correlation coefficient of R2 = 0.9610. The detection limit of the developed method was 4.4 CFU/mL.
There was no cross-reactivity with other tested foodborne pathogens. This method is highly specific
and sensitive for the detection of V. parahaemolyticus, and can achieve the qualitative detection of this
bacterium in a complex matrix.

Keywords: Vibrio parahaemolyticus; aptamer; magnetic nanoparticles; upconversion nanoparticles;
detection

1. Introduction

Foodborne illnesses caused by pathogenic microorganisms are common and result
in many food safety challenges [1]. Seafood is a nutrient-rich food source, and its con-
sumption has been increasing worldwide in recent decades. The main safety concern
surrounding this increase in consumption is foodborne pathogen-induced infections [2].
Common pathogenic bacteria in seafood include Vibrio, Salmonella, Listeria, Shigella, Staphy-
lococcus, Clostridium, and Escherichia coli [3,4]. Vibrio parahaemolyticus, a halophilic and
heat-labile gram-negative bacterium, is the most prevalent foodborne bacterium in seafood.
V. parahaemolyticus contamination can lead to gastroenteritis, infection, and sepsis [5]. V.
parahaemolyticus-caused diseases have been frequently reported all over the world in recent
years, making V. parahaemolyticus a major concern in seafood safety. A study showed that
4256 patients were infected by V. parahaemolyticus between 2003 and 2016 in Korea [6].
Chen et al. reported that, among 410 outbreaks of bacterial foodborne illnesses occurring
from 2015 to 2020 in Zhejiang province, China, 56.69% (232 cases) were caused by V. para-
haemolyticus [7]. Another report mentioned that vibriosis was responsible for approximately
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80,000 illnesses and 100 deaths annually in the United States [8]. Recently, Vibrio spp. in-
fections have attracted more concern because climate warming and global trade increases
might increase human Vibrio infections worldwide [9]. Therefore, rapid and reliable V.
parahaemolyticus detection is essential in the control of food safety.

Current V. parahaemolyticus detection methods include conventional microbiological
culturing [10], molecular biological detection [11], and immunological detection [12]. Hu
et al. [13] reported a nanogold-assisted HRM-qPCR method for detecting V. parahaemolyti-
cus, in combination with self-screening and traditional targeting, with a detection limit of
5 × 101 CFU/mL. Feng et al. [14] developed a recombinase-aided amplification assay for
detecting V. parahaemolyticus. This assay could detect concentrations of 7 × 103 CFU/mL
directly and could detect levels as low as 0.1 CFU/mL when a 4 h enrichment was per-
formed. Zeng et al. [15] reported the development of a PCR-based lateral flow test strip
for detecting V. parahaemolyticus in codfish, with a detection limit of 50 CFU/mL. Simi-
larly, Yang [16] developed a fluorescence immunoassay based on the inner filter effect and
BSA-gold nanoclusters. Each of these methods has advantages and disadvantages, and
developing new methods for the rapid and sensitive detection of V. parahaemolyticus is
crucial for the surveillance of foodborne diseases.

Upconversion nanoparticles (UCNPs) are novel types of fluorescent materials that
exhibit a special luminescence phenomenon: the wavelength of the emitted light is less than
the wavelength of the excited light, that is, upconversion luminescence [17]. In the 1960s,
Bloembergen first proposed the phenomenon of upconversion, and Porter proved that the
upconversion process is a nonlinear optical process that converts two or more low-energy
photons into high-energy photons [18]. With the development of research, rare-earth-
doped upconversion nanoparticles have been found to have remarkable optical properties,
including high resistance to light bleaching, a sharp emission bandwidth, a long lifetime,
excellent spectral characteristics, and high photostability. Upconversion luminescence
nanoparticles can emit visible or ultraviolet light upon excitation with near-infrared light
and are widely applied in biosensing for food safety. Compared to conventional organic
fluorescent dyes and quantum dots, the unique anti-Stokes shift luminescence signal of
UCNPs can be used to identify autofluorescence in complex real matrices, such as in
food, the environment, and biological tissues, thereby reducing background interference
and improving sensitivity. Aptamers are synthetic short single-stranded oligonucleotides
(DNA or RNA) screened from random DNA libraries in vitro by SELEX [19]. Aptamers
have attracted much attention in the field of food safety detection due to their affinity
and specificity for targets [20]. Detection methods based on aptamers were studied for
the analysis of foodborne pathogens including V. parahaemolyticus [21]. Furthermore,
magnetic immobilisation separation using Fe3O4 magnetic nanoparticles as carriers to
enrich pathogens in microbiology can enhance the analysis selectivity and sensitivity [22].
Therefore, in this study, we developed a novel V. parahaemolyticus detection method using
aptamer-based magnetic fluorescent nanoprobes. Magnetic and upconversion nanoparticles
were combined with amino-modified aptamers to capture target pathogenic bacteria based
on aptamer specificity. V. parahaemolyticus levels were quantitatively analysed based on the
fluorescence intensity.

2. Materials and Methods

2.1. Materials

FeCl3·6H2O and 1,6-hexanediamine were purchased from Shanghai Macklin Biochem-
ical Co., Ltd. (Shanghai, China). Ethylene glycol, ethanol, methanol, isopropanol, and
sodium hydroxide were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
(Shanghai, China), and 25% glutaraldehyde was purchased from Yonghua Chemical Co.,
Ltd. (Shanghai, China). YCl3, YbCl3, ErCl3, 1-octadecene (ODE), and ammonium fluo-
ride (NH4F) were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). The
3-aminopropyltriethoxysilane (APTES), 0.01 mol/L phosphate-buffered saline (PBS, pH
7.4), oleic acid (OA), sodium acetate, tetraethyl orthosilicate (TEOS), and V. parahaemolyti-
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cus aptamer (5′-NH2-TCTAAAAAATGGGCAAAAAAACATGACTCGTTGAGATACT-3′)
used herein were purchased from the Shanghai Sangon Biological Science & Technology
Company. Alkaline peptone water medium and thiosulfate citrate bile salt sucrose agar
medium were purchased from Beijing Landbridge Technology Co., Ltd. (Beijing, China). V.
parahaemolyticus (CGMCC 1.1997), Escherichia coli (CGMCC 1.12883), Staphylococcus aureus
(CGMCC 1.6750), and Salmonella (CGMCC 1.10603) were purchased from the China General
Microbial Strain Preservation and Management Centre. Enterotoxigenic Escherichia coli
(ATCC 35401) was purchased from the American Type Culture Collection.

2.2. Apparatus

A JEM 2100F high-resolution field emission transmission electron microscope (TEM,
JEOL, Tokyo, Japan), X-ray diffractometer (Malvern Panalytical, Malvern, UK), high-
resolution transmission electron microscope (TEM, HITACHI H-7600; HITACHI, Tokyo,
Japan), fluorescence spectrophotometer (F-4500 HITACHI, Tokyo, Japan), and Fourier
transform infrared spectrometer (FTIR, BRKER, Saarbrucken, Germany) were used.

2.3. Synthesis of Amine-Functionalised Fe3O4 Magnetic Nanoparticles

Amine-functionalised Fe3O4 magnetic nanoparticles were prepared as previously
described [23,24]. Briefly, anhydrous sodium acetate (2.0 g), 1,6-hexanediamine (6.5 g), and
FeCl3·6H2O (1.0 g) in glycol (30.0 mL) were mixed at 50 ◦C. The mixture was allowed to
react for 10 h at 200 ◦C. After being cooled to room temperature, the products were sepa-
rated by a magnetic stirrer before being collected, washed with ultrapure water (3 times)
and ethanol (3 times), and dried at 60 ◦C for 8 h. After drying, a black powder consisting
of amino-functionalised Fe3O4 magnetic nanoparticles was collected. TEM imaging, XRD
patterns, FTIR spectra, and VSM magnetisation curves were used for the property analysis
of the Fe3O4 magnetic nanoparticles.

2.4. UCNP Synthesis and Surface Modifications

To synthesise UNCP, firstly, 1 mmol of ReCl3 (Y:Yb:Er = 78:20:2), 6 mL of OA, and
15 mL of ODE were concurrently added to a 100 mL three-necked flask; the mixed solution
was heated for 30 min at 160 ◦C and allowed to cool to 50 ◦C [25]. Subsequently, 10 mL of a
methanol solution, containing 2.5 mmol of NaOH and 3.9 mmol of NH4F, was added to
the mixed solution and agitated for 30 min. Afterwards, the mixture was heated for 1 h at
100 ◦C and then 300 ◦C under the protection of argon gas, and kept at the latter temperature
for 30 min. After cooling to room temperature, the product was precipitated using ethanol
and was washed and centrifuged thrice. The final product was dried for 12 h at 60 ◦C [26].

Surface modification of the UCNPs was performed as previously described [27]. Firstly,
20 mg of the synthesised UCNPs was ultrasonicated for 30 min in 60 mL of isopropanol.
Subsequently, 20 mL of distilled water and 2.5 mL of 25% ammonia were rapidly added
to the mixture, and it was magnetically stirred. Afterwards, 20 mL of isopropanol and
60 μL of tetraethoxysilane (TEOS) were added to the solution and allowed to react for
3 h, before 30 mL of isopropanol and 200 μL of APTES were added. The product was
left to stand for 2 h at room temperature after 1 h of reaction, before being washed and
centrifuged several times. Finally, the product was vacuum-dried for 12 h at 60 ◦C. The
amino-functionalised UCNPs were collected and kept at 4 ◦C until subsequent use. The
dried powders of UCNPs and UCNPs@SiO2 were used to perform the characterisation of
TEM imaging, XRD patterns, and FTIR spectra. To prevent the influence of aggregation on
the result, both the UCNPs and UCNPs@SiO2 nanoparticles were uniformly suspended in
water, and the phase and fluorescence spectra were measured with excitation and emission
spectra of 980 nm and in the 400–800 nm region directly.

2.5. Synthesis of Aptamer-Fe3O4 Magnetic Nanoparticles and Aptamer-UCNPs

Amino-functionalised Fe3O4 magnetic nanoparticles (2 mg) were ultrasonicated in
1 mL of PBS (pH 7.4) for 30 min. Subsequently, 250 μL of 25% glutaraldehyde was added
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to the mixture, and the solution was shaken for 2 h at 25 ◦C. The product was magnetically
separated and washed three times with PBS and then dispersed in 1 mL of PBS. Afterwards,
20 μL of the 25 μM aptamer was added to the uniform amino-functionalised Fe3O4 magnetic
nanoparticle solution, and the mixture was shaken for 12 h at 37 ◦C, magnetically separated,
and washed thrice with PBS. The final product was dispersed in 1 mL PBS and stored
at 4 ◦C [28]. The aptamer in the supernatant before and after the reaction was measured
using UV-vis spectroscopy to confirm the immobilisation of the aptamer on the Fe3O4
magnetic nanoparticles.

The aptamer-UCNP preparation was similar to the preparation of the aptamer-Fe3O4
magnetic nanoparticles. First, the amino-functionalised UCNPs were ultrasonicated in
1 mL of PBS (pH 7.4) for 30 min. Subsequently, 250 μL of 25% glutaraldehyde was added,
and the mixture was shaken for 2 h at 25 ◦C. The product was separated by centrifugation
(12,000 rpm, 10 min) and washed thrice with PBS before being dispersed in 1 mL of PBS.
Afterwards, 40 μL of the 25 μM aptamer was added to the uniform amino-functionalised
UCNP solution, and the mixture was shaken for 12 h at 37 ◦C. The mixture was separated
via centrifugation and washed four times with PBS. The final product was dispersed in
1 mL of PBS and stored at 4 ◦C. The aptamers in the supernatant before and after the
reaction were measured using UV-vis spectroscopy to confirm the immobilisation of the
aptamer on the UNCPs. Different concentrations of UNCPs (1, 2, 4, and 6 mg) were tested
to optimise the synthesis of the aptamer-UCNPs.

2.6. Optimization of Reacted Amount of Aptamer-Fe3O4 Magnetic Nanoparticles and Aptamer-UCNPs

To optimise the amount of reacting aptamer-Fe3O4 magnetic nanoparticles, 40, 80,
120, 160, and 200 μL of aptamer-MNPs were added to a fixed amount (150 μL) of aptamer-
UCNP solution. Secondly, 100 μL of V. parahaemolyticus (at 105 CFU/mL) was added to the
aptamer-UCNP solutions simultaneously, and the mixture was replenished to 500 μL with
PBS buffer and shaken slowly for 2 h at 37 ◦C. After reacting, the product was magnetically
separated and washed thrice with PBS to remove unbound components. Finally, the
product was resuspended in 400 μL of PBS buffer, and the fluorescence intensity of the
suspension was measured at 542 nm using a fluorescence spectrophotometer with an
excitation spectrum of 980 nm and emission spectra in the 400–800 nm region.

Afterwards, to optimise the amount of reacting aptamer-UCNPs, 50, 100, 150, 200, and
250 μL of aptamer-UCNPs (at 6 mg/mL) were added and reacted with the aptamer-Fe3O4
magnetic nanoparticles following the aforementioned procedure. The optimal amount of
aptamer-UCNPs was determined based on the fluorescence intensity of the suspension,
which was measured at 542 nm using a fluorescence spectrophotometer with an excitation
spectrum of 980 nm and emission spectra in the 400–800 nm region.

2.7. Detection of V. parahaemolyticus Using the Developed Fluorescent Method

To detect V. parahaemolyticus using our developed method, 100 μL of V. parahaemolyticus
was added to 500 μL of the aptamer-Fe3O4 magnetic nanoparticles suspension and gently
vibrated for 2 h at 37 ◦C. The reactant was magnetically separated and washed thrice with
PBS buffer. The aptamer-UCNP suspension was then added, and the mixture was gently
vibrated for 1 h at 37 ◦C. Subsequently, the product was magnetically separated, washed
thrice with PBS buffer, and resuspended in 400 μL of PBS buffer. The fluorescence intensity
of the suspension was measured in the 400–800 nm region using a fluorescence spectropho-
tometer with an excitation spectrum of 980 nm. V. parahaemolyticus concentrations from
3.2 × 102 CFU/mL to 3.2 × 105 CFU/mL were tested to determine the detection limit of
our method.

2.8. Detection Specificity

Four foodborne pathogenic bacteria, Escherichia coli, Enterotoxigenic Escherichia coli,
Salmonella, and Staphylococcus aureus, were used to evaluate the specificity of the developed
method. The tested foodborne pathogenic bacteria at a concentration of 105 CFU/mL
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were mixed with the aptamer-Fe3O4 magnetic nanoparticles, reacted under gentle shaking,
and separated using a magnetic force. Next, the separated mixture was mixed with
aptamer-UNCPs and separated using a magnetic force after 30 min of reaction under gentle
shaking. The separation was uniformly resuspended in PBS buffer by ultrasonication. The
fluorescence intensities of the suspensions were measured using excitation and emission
spectra of 980 and in the 400–800 nm region, respectively.

3. Results and Discussion

3.1. Mechanism of V. parahaemolyticus Detection

In our study, a V. parahaemolyticus detection method was developed using aminated
nanoparticles and amino-modified aptamers. As the aptamer specifically binds to the target,
aptamer-modified nanoparticles can identify and capture V. parahaemolyticus. Aptamer
UCNPs and aptamer-Fe3O4 magnetic nanoparticles were used as fluorescent signals and
a separation medium, respectively, in this study. First, the tested sample was mixed with
aptamer-Fe3O4 magnetic nanoparticles and allowed to react under gentle shaking for
30 min. Aptamer-Fe3O4 magnetic nanoparticles could capture V. parahaemolyticus using
aptamers when V. parahaemolyticus was present in the tested sample. The aptamer-Fe3O4-V.
parahaemolyticus can be separated using a magnetic force. The separated aptamer-Fe3O4-
V. parahaemolyticus was mixed with aptamer-UNCPs to create sandwich-like aggregates,
aptamer-Fe3O4-V. parahaemolyticus-UNCPs, which can be formed and separated using a
magnetic force (Figure 1). Due to the presence of UCNPs, the fluorescence intensity of
the sandwich-like aggregate can be measured via fluorescence spectrophotometry with
an excitation spectrum of 980 nm and emission spectra in the 400–800 nm region, and the
intensity of this signal can be increased by increasing the concentration of V. parahaemolyticus
for detection.

 
Figure 1. A schematic description of the proposed fluorescence detection platform.

3.2. Characterisation of Amine-Functionalised Magnetic Fe3O4 Nanoparticle

Bare Fe3O4 magnetic nanoparticles must undergo surface modifications because of
their high activity levels and susceptibility to oxidation. The TEM images (Figure 2A)
indicated that the Fe3O4 magnetic nanoparticles were uniformly spherical with a size of
50 nm. The XRD results (Figure 2B) indicated that the Fe3O4 magnetic nanoparticles have
typical X-ray diffraction lines at 2θ = 18.6◦, 35.8◦, 43.7◦, 53.9◦, 556.8◦, and 63◦, which can
be indexed as (111), (311), (400), (422), (511), and (440); this is consistent with the standard
card of Fe3O4 (JCPDS Card no. 19-0629). No diffraction peaks corresponding to other
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impurities were observed, indicating that the product was Fe3O4 with high purity. The
FTIR spectra (Figure 2C) showed sharp peaks at 580, 1047, and 1629 cm−1, representing
characteristic absorption peaks of the Fe–O bond, the stretching vibration of the CH2 bond,
and the bending vibration of the NH bond, respectively [29]. This result indicated that the
Fe3O4 surface was successfully modified with amino groups. The magnetisation curves
revealed that the saturation magnetisation of Fe3O4 increased with the applied magnetic
field strength and rapidly reached a saturated state (Figure 2D). The magnetisation curve
appeared as an “S” shape (Figure 2D), indicating that the synthesised Fe3O4 exhibits
superparamagnetism at room temperature.

Figure 2. Characterisation of Fe3O4 magnetic nanoparticles modified with amino groups (TEM image
of MNPs (A), XRD patterns of MNPs (B), FTIR spectra of MNPs (C), and VSM magnetisation curves
of MNPs (D)).

3.3. UCNP Characterisation

To increase the solubility and stability of UCNPs in the water phase and to provide
more modifiable active groups on the surface of the UCNPs, TEOS was used to form
SiO2 on the surface, and the compound was modified with amino groups using APTES.
The TEM images of the UCNPs showed that the particles were hexagonal in shape and
approximately 100 nm in size (Figure 3A). After the UCNPs were coated with SiO2, a
shell formed on their surface, which was clearly visible in the TEM images (Figure 3B).
Figure 3C indicates that the UCNPs exhibited typical X-ray diffraction lines at 2θ = 29.95◦,
30.79◦, 34.69◦, 39.61◦, 43.42◦, 46.84◦, 53.56◦, and 53.59◦ corresponding to the (110), (101),
(200), (111), (210), (102), and (300) planes of NaYF4. According to the FTIR spectra, the
stretching vibration peak of the Si-O bond at 1097 cm−1 and the bending vibration peak
of the amino group at 1631 cm−1 appeared in the UCNPs@SiO2 and were absent in the
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untreated UCNPs (Figure 3D). This further supports the successful surface modification
of the UCNPs. The fluorescence intensity of the two materials was measured using a
fluorescence spectrophotometer with excitation and emission spectra of 980 nm and in
the 400–800 nm region, respectively. The results showed that the fluorescence intensity
of the modified UCNPs was much lower than that of the unmodified UCNPs, indicating
that SiO2 affected their fluorescence intensity. Upon excitation with the 980 nm laser, the
nanomaterials displayed three sets of fluorescence emission bands, of which the most
obvious emission peak was at 542 nm (Figure 3E); therefore, this fluorescence value at
542 nm was chosen as the detection signal for the subsequent experiments.

Figure 3. Characterisation of UCNPs and UCNPs@SiO2 (TEM image of UCNPs (A), TEM image of
UCNPs@SiO2 (B), XRD patterns of UCNPs (C), FTIR spectra of UCNPs and UCNPs@SiO2 (D), and
fluorescence spectrum of UCNPs, and UCNPs@SiO2 (E)).

3.4. Aptamer-Fe3O4 Magnetic Nanoparticles and Aptamer-UCNP Characterisation

The synthesised nanoparticles have a surface amino group, which can be cross-linked
with the 5′-terminal-modified amino group aptamer using glutaraldehyde to enable func-
tional modifications [30]. Since the aptamer is an oligonucleotide chain with a characteristic
absorption peak at 260 nm [31,32], aptamer–nanoparticle binding was indirectly charac-
terised by measuring the absorbance of the aptamer stock solution and the absorbance of
the supernatant during binding. The UV-vis spectra results of the aptamer and aptamer-
Fe3O4 magnetic nanoparticles (Figure 4A) show that the absorbance of the supernatant at
260 nm decreased significantly after the binding of different concentrations of aptamers,
indicating that the aptamers successfully combined with the nanomaterials [33]. The
capture capacity of aptamer-UCNPs was highly affected by the aptamers immobilised
on the surface of the nanomaterials. Different reaction concentrations of UCNPs (1, 2, 4,
and 6 mg/mL) were investigated to characterise the capture capacity and immobilisation
efficiency of the aptamer-modified nanomaterials. The reduction in the absorbance of the
supernatant at 260 nm increased as the concentration of UCNPs increased, indicating that
more aptamer molecules were immobilised on the nanomaterial (Figure 4B). When the
reaction concentration of the UCNPs was 6 mg/mL, the absorbance of the supernatant
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after the reaction was the lowest, indicating that a high initial reaction concentration could
improve the immobilisation of the aptamer on the nanoparticles. Considering economy and
efficiency, 6 mg/mL of UCNPs was selected for all subsequent experiments to synthesise
the aptamer-UNCPs.

 
Figure 4. Confirmation of aptamer immobilisation on the Fe3O4 magnetic nanoparticles (A) and
UCNPs (B) using UV-vis spectra.

3.5. Optimal Amount of Aptamer-Fe3O4 Magnetic Nanoparticles and Aptamer-UCNPs

Different amounts of aptamer-Fe3O4 magnetic nanoparticles and aptamer-UCNPS
were tested in the reaction system to optimise the detection method. Different amounts
of Fe3O4 magnetic nanoparticles (40, 80, 120, 160, or 200 μL) were added to the reaction
system. The fluorescence intensity gradually increased with the increased amount of added
aptamer-Fe3O4 magnetic nanoparticles and peaked at 120 μL of aptamer-Fe3O4 magnetic
nanoparticles (Figure 5A,B). Furthermore, the intensity decreased when more aptamer-
Fe3O4 magnetic nanoparticles were added (Figure 5B). Thus, 120 μL of the aptamer-Fe3O4
magnetic nanoparticles was used for subsequent experiments. Similarly, when different
amounts of aptamer-UCNPs (50, 100, 150, 200, or 250 μL) were added to the reaction
system, the fluorescence intensity of the reaction system gradually increased as the amount
of aptamer-UCNPs increased (Figure 5C). When more than 200 μL of aptamer-UCNPs was
added, the fluorescence intensity of the system no longer increased (Figure 5D), indicating
the aptamer-UCNPs were exceeded. Thus, 200 μL of the aptamer-UCNPs was used for the
subsequent experiments.

3.6. Detection Method Sensitivity

The developed method was used to detect different concentrations of V. parahaemolyti-
cus (with 120 μL of aptamer-Fe3O4 magnetic nanoparticles and 200 μL of aptamer-UCNPs
used in the reaction system). The fluorescence intensities of the supernatants were mea-
sured at the end of the reaction. The results showed that the fluorescence intensity increased
as the concentration of V. parahaemolyticus increased (Figure 6A) in the concentration range
of 3.2 × 102–3.2 × 105 CFU/mL (Figure 6B). The linear equation was y = 296.40x − 217.67
(where x is log CFU mL−1 and y is the fluorescence intensity), with R2 = 0.9610, indicating
that there was a positive correlation between the V. parahaemolyticus concentration and
fluorescence intensity. The detection limit was 4.4 CFU/mL (3 ε/S, where ε is the standard
deviation of the blank sample and S is the slope of the linear equation). Yu et al. reported
a universal pathogen-sensing platform based on a smart hydrogel aptasensor embedded
with gold nanoclusters to detect live V. paraheamolyticus in water with a detection limit
of 10 CFU/mL [34]. Zhai et al. have developed an immunomagnetic separation and
quantum-dot-based immunofluorescence method to detect V. paraheamolyticus with a detec-
tion limit of 102 CFU/mL [35]. Similarly, Ren et al. used a fluorescence resonance energy
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transfer (FRET)-based paper sensor to detect V. parahaemolyticus; the detection limit was
8.9 CFU/mL [36]. Our results demonstrate that the fluorescence method we developed,
based on magnetic and upconversion nanoparticles combined with aptamers, has sufficient
sensitivity to detect V. parahaemolyticus.

Figure 5. The fluorescence spectra of different additions of aptamer-MNPs (A), absorption peaks at
542 nm of different additions of aptamer-MNPs (B), the fluorescence spectra of different additions of
aptamer-UCNPs (C), absorption peaks at 542 nm of different additions of aptamer-UCNPs (D).

Figure 6. Fluorescence spectra of compounds in the presence of different V. parahaemolyticus con-
centrations (A), the linear relationship between the fluorescence intensity and concentration of V.
parahaemolyticus (B), where F is the sample fluorescence intensity and F0 is the blank control.
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3.7. Detection Method Specificity

To evaluate the specificity of the developed method for V. parahaemolyticus, four food-
borne pathogenic bacteria, including E. coli, enterotoxigenic E. coli, S. aureus, and Salmonella,
were added to the reaction system, and the fluorescence intensity of the supernatant after
magnetic separation was measured. The tested E. coli, Enterotoxigenic E. coli, S. aureus,
and Salmonella concentrations were 105 CFU/mL; 105 CFU/mL of V. parahaemolyticus was
used as a positive control. The results revealed that only the separated V. parahaemolyticus
suspension generated high fluorescence intensities, whereas the E. coli, enterotoxigenic E.
coli, S. aureus, and Salmonella suspensions generated low fluorescence intensities using
the developed method, proving that the detection method was highly specific for V. para-
haemolyticus (Figure 7). Recently, Li et al. presented a colorimetric and SERS dual-mode
detection method targeting V. parahaemolyticus using aptamers and multifunctional compos-
ite magnetic material, which exhibited no cross-reactivity with E. coli, S. typhimurium, E. coli,
S. aureus, or L. monocytogenes [37]. Similarly, Parsaeimehr and Ozbay reported on a colori-
metric detection method based on PCR and the utilisation of DNAzyme; their method also
showed no cross-reactivity with E. coli or S. aureus [38]. Based on the results of the current
study, the developed fluorescence method has good specificity for V. parahaemolyticus, is
simple and sensitive, and can be adapted and applied to detect other foodborne pathogens.

Figure 7. The specificity of the developed method with other bacteria.

4. Conclusions

In the present study, Fe3O4 magnetic nanoparticles and UCNPs were successfully
synthesised. The Fe3O4 magnetic nanoparticles have a uniform size of 50 nm and ex-
hibit superparamagnetism at room temperature. The TEM images of the UCNPs showed
that the particles were hexagonal in shape and approximately 100 nm in size. The SiO2
synthesised UCNPs had three fluorescence emission bands, of which the most obvious
emission peak was at 542 nm. After the immobilisation of the aptamer against V. para-
haemolyticus, aptamer-Fe3O4 magnetic nanoparticles and aptamer-UCNPs were used as a
capture medium and fluorescence signal source in detection, respectively. A fluorescence
method for V. parahaemolyticus was designed using the compatibility of the aptamer and
the target V. parahaemolyticus, which can rapidly isolate and detect V. parahaemolyticus
from a complex matrix using magnetic forces. The developed fluorescence method-based
aptamer-modified magnetic and upconversion nanoparticles had high specificity for V.
parahaemolyticus and had no cross-reactivity with tested foodborne pathogenic bacteria, in-
cluding E. coli, enterotoxigenic E. coli, S. aureus, and Salmonella. This method had a detection
limit of 4.4 CFU/mL, the fluorescence signal had a clear linear relationship with the con-

119



Foods 2023, 12, 4433

centration of V. parahaemolyticus in the range of 3.2 × 102–3.2 × 105 CFU/mL, with a linear
equation of y = 296.40x − 217.67 and a correlation coefficient of R2 = 0.9610. These results
indicate that the developed fluorescence method can achieve the qualitative detection of V.
parahaemolyticus in a complex matrix. Furthermore, this method can be adapted to detect
other bacteria by changing the aptamers used and has broad application prospects in the
field of pathogenic bacterial detection.
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Abstract: The prevalence of norovirus in oysters poses a significant threat to food safety, necessitat-
ing a comprehensive understanding of contamination patterns. This study explores the temporal
dynamics of norovirus distribution in various oyster tissues over a contamination period ranging
from 6 to 96 h. Four tissues—the gill, palp, digestive gland, and stomach—were subjected to sys-
tematic monitoring using RT-qPCR for absolute quantification. Results revealed rapid norovirus
detection in all tissues six hours post-contamination, with subsequent variations in detection rates.
Gill and digestive gland tissues exhibited a peak in detection at 12–24 h, aligning with the oyster’s
gastrointestinal circulatory system. The digestive gland, distinguished by specific enrichment and
adsorption capabilities, demonstrated the highest virus concentration at 48 h. In contrast, the stomach
displayed a reemergence of norovirus. Beyond 72 h, detection remained exclusive to the digestive
gland, with Ct values comparable to earlier time points. At 96 h, a limited amount of norovirus was
detected in the digestive gland, emphasizing the importance for timely monitoring. In addition to
providing critical insights into optimal detection strategies, these findings highlight the time-related
characteristics of norovirus contamination in oysters. The study identifies the digestive gland as a
key target for reliable monitoring, providing valuable data to improve protocols for reducing hazards
associated with oyster consumption and foodborne norovirus infections. This research contributes to
the understanding of norovirus dynamics in oyster tissues and reinforces current efforts aimed at
ensuring food safety and public health.

Keywords: norovirus contamination; oyster tissues; temporal dynamics; detection strategies; food-
borne infections

1. Introduction

Foodborne noroviruses, commonly referred to as noroviruses (NoV), are a significant
global public health concern due to their association with foodborne illnesses and outbreaks.
These highly contagious viruses are a leading cause of acute gastroenteritis, affecting
individuals of all ages. Large-scale outbreaks in schools and communities can lead to
the closure of growing areas and the recall of shellfish products, resulting in serious life
threats and huge economic losses [1]. The global impact of NoV is growing, with an
estimated 684 million cases and 212,000 deaths occurring each year [2]. NoVs cause acute
gastroenteritis in humans for the following reasons: NoVs are usually associated with
foodborne and waterborne transmission; NoVs are highly stable in the environment, and

Foods 2024, 13, 128. https://doi.org/10.3390/foods13010128 https://www.mdpi.com/journal/foods
122



Foods 2024, 13, 128

only 18 viral particles could cause disease; there are currently no antiviral drugs specific
for NoVs [3]. The primary mode of transmission is the fecal–oral route, which can occur
through contaminated water, person-to-person contact, and, importantly for this study,
consumption of contaminated food, particularly seafood. Based on genetic differences
found in the capsid protein, the NoV is currently classified into at least 49 genotypes within
10 genogroups (GI to GX) [4]. Acute gastroenteritis cases in humans are associated with two
epidemiologically dominant genogroups, GI and GII, that are further subdivided into nine
genotypes and 27 genotypes, respectively. According to global surveillance data, several
NoV genotypes are responsible for outbreaks, with GII.4 constituting the majority [5,6].

In recent years, significant attention has been given to NoV outbreaks that are linked
to the consumption of raw or undercooked oysters. Oysters, filter-feeding bivalve mollusks,
can bioaccumulate NoV from contaminated water sources [7]. These sources include
effluent from wastewater treatment facilities, combined sewer/stormwater overflows,
malfunctioning septic tanks, and recreational and commercial fishing vessels [8]. There are
varieties of oysters all over the world, such as Crossostrea gigas, Crassostrea gigas angulate,
Crassostrea hongkongensis, Ostrea rivularis Gould, and Crassostrea sikamea. The Pacific oyster
(Crassotrea gigas), naturally distributed around Japan, China, and Korea, is widely now an
important cultivated oyster species worldwide [7]. It is becoming increasingly evident that
viruses interact with oysters, and the dynamics in oysters after infection have been strongly
linked to massive oyster mortality and human illnesses, such as gastroenteritis and NoV
outbreaks. In outbreaks caused by shellfish, genotyping of norovirus in stool and oyster
samples may reveal discrepancies. This raises the question of what role the oyster played
and could be overcome by analyzing viral diversity in greater detail [9].

Currently, there are numerous issues linked to viral contamination. Over the past
10 years, more than 40% of RASFF (Rapid Alert System for Food and Feed) notifications
were related to NoV detection in oysters [10]. Studies from various countries have consis-
tently shown a high prevalence of NoV in commercially harvested oyster samples, raising
significant concerns regarding the contamination of oysters with NoV [11]. Chassaing et al.
conducted a meta-analysis of publications on NoV-related foodborne outbreaks from 1993
to 2019 and found that bivalve molluscan shellfish accounted for 53% of the implicated
food sources [12]. For perspective, the prevalence of NoV in oysters from other regions is
reported in the range of <2% in Australia, 9% in France, 3.9 to 20% in the USA, 16.9% in
China, 32.1% in Spain, and up to 71.6% in the United Kingdom [13]. Our previous research
entailed a year-long investigation into oyster contamination in aquaculture farms and
revealed that 16.9% (60/356) of the collected oyster samples tested positive for NoV [14].
A systematic review and meta-analysis indicated a substantial burden of NoV in shellfish
worldwide, with GII.4 being the predominant genotype [15]. These findings emphasize the
widespread prevalence of NoV contamination in oyster samples and highlight the need for
further research to elucidate the dynamics of norovirus distribution in oyster populations.

The detection of NoV in both food and environmental samples remains a significant
challenge, primarily due to the complex composition of sample tissues and the low concen-
tration of the virus present. Current human NoV cell culture systems are complicated and
do not allow infectious NoV detection at levels found in contaminated foods [16]. Similarly
to other viruses, detecting and monitoring NoV RNA encompasses several steps, including
sample collection, concentration and enrichment, laboratory assay, and data normalization
and interpretation. In the absence of methods to determine the viral infectivity of NoVs
in food samples, foodborne viruses are detected mostly by molecular methods. Molecu-
lar techniques are currently the gold standard for discovering NoVs, including reverse
transcription-polymerase chain reaction (RT-PCR), droplet digital RT-PCR (RT-ddPCR),
and quantitative real-time RT-PCR. Among those methods, RT-qPCR has emerged as a
valuable tool in the detection and quantification of NoVs due to its high sensitivity and
specificity, as well as its low risk of carry-over contamination [17]. As of now, various
commercially available RT-qPCR assays demonstrate the sensitivity of real-time RT-PCR at
approximately 10–50 genome copies per reaction for NoV GI and 1–300 genome copies per
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reaction for NoV GII [18]. For accurate genotype identification of positive samples, RT-PCR
and nested RT-PCR were used, followed by amplicon sequencing.

The adoption of RT-qPCR for NoV detection aligns with the international standard
ISO 15216 [19], therefore enhancing the credibility and applicability of the detection method.
Moreover, while the absence of genomes is necessarily a sign of that the corresponding
infectious viruses are absent, ISO 15216, when strictly applied, imposes a theoretical limit of
detection (LOD) of greater than 18 particles, usually defined as the minimal NoV infective
dose [20]. In addition to using of RT-qPCR, several studies have focused on optimizing and
comparing the enrichment processes used in the preprocessing of oyster tissues, aimed
at enhancing the efficiency and accuracy of detecting NoV in oyster samples [19,21–23].
Meanwhile, differential detection rates of NoV have been shown within distinct oyster
tissues, shedding light on the complex dynamics of NoV distribution and persistence within
oyster organisms [24,25]. Therefore, understanding the distribution and prevalence of NoV
in oysters is crucial for improving detection rate and reducing the false-positive rate.

There have been numerous studies investigating shellfish virus contamination. How-
ever, most of the above studies focused on a specific country, a certain period, and limited
species types. This is not conducive to a comprehensive understanding of the overall con-
tamination of NoV in shellfish worldwide. In this study, we explored the spatial dynamic
distribution of NoV in different oyster tissues by constructing an artificially contaminated
oyster model to clarify the in vivo circulation path and excretion time of NoV. Simultane-
ously, the generated data can support the development of virus detection preprocessing
methods for oysters and contribute to the design of depuration strategies.

2. Materials and Methods

2.1. Artificial Contamination Oysters with NoV

All experiments were performed in a biosafety level 2 (BSL-2) containment laboratory
using standard BSL-2 work practices. In this study, viral titers were measured using the
RT-qPCR method. The stool sample with the highest copy number for NoV was about
1.42 × 107 genome copies per mL.

The oysters (Crassotrea gigas) were obtained from Zhejiang Province, China. After
surface cleaning, oysters were transferred into 20 L of clean water with 1.8% sea salt (Yier
Biological Engineering Co., Ltd., Guangzhou, China), dissolved to simulate a marine en-
vironment. An air pump (Sunsun group co., Ltd., Zhoushan, China) supplied oxygen
continuously. Before the experiment, the oysters were immersed in salt water for 24 h.
To ensure the cleanliness of the oysters used in the experiments, three oysters from each
group were shucked, homogenized, and tested for NoV before being artificially contami-
nated. After 24 h of acclimation, all fresh oysters were randomly divided into two groups
(16–18 oysters per group). Each group was exposed to 4 L of water with 1.8% sea salt under
oxygenation with 1.0 mL NoV-positive GII.4 stool samples (final titer around 106 genome
copies/liter) at room temperature to simulate a NoV-polluted environment. The water
was circulated for 96 h continuously, and the experiment lasted for 5 days. During the
whole experiment, oyster mortality was checked daily, and dead oysters were promptly
removed. Two biological replicates were taken randomly at each time point from each
group to ensure four parallel oyster samples for each time point.

2.2. Sample Collection and Processing Procedures

Oyster samples were collected at specific time points (6 h, 12 h, 24 h, 48 h, 72 h, 96 h)
for further analysis. Samples were tested for NoV under ISO 15216 [19]. Briefly, the oysters’
external surfaces were thoroughly washed and sterilized with alcohol before being opening.
And then the oysters were dissected, and the digestive glands, gills, stomach, and labial
palps were isolated. The latest sterile disposable plasticware and razor blades were used
to process each sample. A tissue weighing 1.0 ± 0.1 g was measured and transferred to a
1.5 mL centrifuge tube. Proteinase K (1.0 mL, 3000 U/L) was added, and the samples were
incubated for 1 h at 37 ◦C with stirring at 200 rpm. As a follow-up step, a 15 min incubation
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was conducted in a water bath at 60 ◦C. After centrifugation at 13,000× g for 5 min at
4 ◦C, the supernatant was carefully transferred to a clean tube. To extract viral RNA, the
HiPure Viral RNA Kit (Magen, Guangzhou, China) was used following the manufacturer’s
guidelines. Viral RNA extraction was performed with 140.0 μL of supernatant, and elution
was collected in 20.0 μL of DNase/RNase-free water. The extracted RNA was tested
immediately, and the remaining RNA was stored at −80 ◦C for further molecular analysis.

2.3. Quantitative Real-Time PCR (RT-qPCR) for NoV

According to our previous report, duplicate one-step RT-qPCR assays for GI and GII
NoV were conducted in a single tube using the Bio-Rad CFX96 qPCR machine [26]. Each
20.0 μL reaction mixture consisted of 6.0 μL of viral RNA samples. The cycling conditions
were as follows: 5 min at 42 ◦C, and then 15 s at 95 ◦C, followed by 40 cycles consisting
of 5 s at 95 ◦C and 10 s at 60 ◦C. Fluorescence was read at the end of each 60 ◦C extension
step. The PCR cycle threshold (Ct) values were determined with Biorad CFX96 Manager
Software version 3.1, which utilizes amplification-based threshold determination with
default settings. A cycle threshold Ct value of ≤40 and a signal demonstrating a substantial
exponential increase were considered positive samples. NoV GII genome copy numbers
per reaction were calculated using an RT-qPCR standard curve, as previously described,
and then converted to genome copies per gram of the tissues. Statistical evaluation was
performed using Microsoft Excel and GraphPad Prism 7 (GraphPad Software, USA, www.
graphpad.com).

3. Results

3.1. Dynamics of NoV Contamination in Oyster Tissues

In this comprehensive exploration of NoV contamination dynamics within oyster
tissues, our focus was on the intricate interplay between the oyster’s anatomical structure
and its gastrointestinal circulatory system. A strategic selection of four tissues—the gill,
palp, digestive gland, and stomach—was chosen to elucidate the internal circulation
pathway and timeframe of NoV excretion within contaminated oysters (Figure 1) [27].
To achieve this, we employed RT-qPCR technology for precise quantitative analysis across
tissues, with the original data available in Supporting Information Table S1. Results
revealed a notable progression in NoV detection, with positive signals identified in all
four tissues after the initial contamination stage at 6 h. After 12 to 24 h, only the gill and
digestive gland tissues showed evidence of infection, with the gill tissue exhibiting a greater
viral quantity than the digestive gland. The 48 h mark witnessed the virus reaching its
zenith concentration in the digestive gland, coinciding with the absence of detectable virus
in the gill tissue but reappearing in the stomach. A fascinating feature of this pattern is that
it aligns with that of oyster tissues’ digestive circulation, suggesting a specific enrichment
and adsorption role for NoV in the gastrointestinal system. Beyond 72 h, only the digestive
gland tissue displayed detectable NoV levels, with Ct values comparable to those at 12
and 24 h post-contamination, differing by a modest 2.3 Ct value from the peak at 48 h. At
96 h, only a small amount of NoV was detected in the digestive gland tissue. It is, however,
insufficient to ascertain the virus’s infectivity at this time due to the limited cultivation
system for NoV.

3.2. Relationship between Sampling Sites and the Detection Rate

The study delved into the relationship between various sampling sites and the detec-
tion efficiency of NoV, revealing noteworthy variations in detection rates across different
tissues (Figure 2). The average Ct values demonstrated distinct trends, registering 33.92 for
the gill, 34.31 for the palp, 35.28 for the stomach, and 33.82 for the digestive gland. Standard
deviations (Ct STDEV) indicated larger levels of variability in the gill and digestive gland
tissues, with values of 1.49 compared to the palp (0.58) and stomach (1.87). However, the
digestive gland exhibited outstanding performance with a detection rate of 95.83% (23/24).
In contrast, the gill, palp, and stomach showed lower detection rates of 50.00% (12/24),
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16.67% (4/24), and 33.33% (8/24), respectively. This underscores the digestive gland as
the most reliable site for NoV detection, as detection rates in all tissues, excluding the
digestive gland, were below the 50% threshold. The observed variability in detection rates
underscores the importance of strategic tissue selection for NoV detection in oysters.

3.3. Relationship between Contamination Time and Detection Rate

The investigation explored the nuanced interplay between contamination time and
NoV detection rate in oysters, revealing distinctive patterns through statistical analysis
(Figure 3). At an early contamination time of 6 h, a robust detection rate of 93.75% (15/16)
was observed, with an average Ct value of 35.33 and a standard deviation (Ct STDEV) of
1.51. As contamination progressed for 12 and 24 h, the detection rate remained stable at
50.00% (8/16), accompanied by average Ct values of 33.19 and 33.57, respectively, indicating
a sustained level of contamination. However, at 48 h, a slight decrease in detection rate
to 50.00% (8/16) was coupled with an increased Ct STDEV of 2.04, indicating increased
variability in detection levels. Subsequently, at 72 and 96 h, detection rates declined to
25.00% (4/16), with corresponding average Ct values of 33.75 and 34.72 and notably lower
Ct STDEV values of 0.37 and 0.09, respectively. Based on these findings, NoV detection
in oysters is highly dependent on the duration of contamination, with a high detection
rate initially descending over time. Considering the variability in Ct values and detection
rates, timely monitoring is essential to accurately assess the level of NoV contamination
in oysters.

Figure 1. Schematic illustration of oyster tissue structure (left) and dynamics in the line chart of
norovirus contamination in oyster tissues (right). Each tissue is colored from left to right in the same
order. The bar graph presents the mean and STDEV from four parallel samples, with superimposed
symbols at the mean and a connecting line. Oyster’s anatomical structure and its gastrointestinal
circulatory system were adapted with permission from Ref. [27]. 2021, Elsevier. The arrow indicates
the direction of the virus’s movement.
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Figure 2. Violin plot of the relationship between sampling sites and Ct value. Each dot represents an
organ from an oyster. Each compartment of the tissue is represented by a distinct color. Below are the
density plots, and the corresponding tables highlight the calculated mean and standard deviation
(STDEV) for each distribution. The mean and STDEV were calculated for positive samples from each
issue group.

 

Figure 3. Boxplot diagram of the relationship between contamination time and detection rate. Each
of the dots represents an organ from an oyster. Each tissue compartment is represented by a distinct
color. Below are the density plots, and the corresponding tables highlight the calculated mean and
standard deviation (STDEV) for each distribution. The mean and STDEV were calculated for positive
samples of each time point group.
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4. Discussion

The periodic monitoring of viral pathogens, such as NoV, is essential for determining
infection status in the general population [15]. A gold standard for NoV detection has
thus emerged in the form of RT-qPCR assays, recognized for their unparalleled sensitivity
and ability to identify genetically diverse NoV strains [4]. In view of the fact that culture
methods for NoV are not applicable to food matrices, the ISO 15216 approach relies instead
on the method of RT-qPCR for detecting viral genomes, rather than the quantification of in-
fectious viruses [19]. It should be noted that although the methods outlined in ISO 15216 are
widely accepted for virus recovery and quantification from food surfaces, their applicability
to the complex pretreatment matrices of food requires further assessment.

In order to mitigate the impact of food matrices on NoV detection, we investigated
the spatial dynamic distribution of NoV in different oyster tissues. NoV contamination in
oyster tissues was discussed in a nuanced manner based on our findings, including the
impact of tissue-specific enrichment and the possibility of long-term persistence of NoV
in digestive gland tissues. It can be concluded from our results that the digestive gland is
the optimal target for NoV detection. Due to its consistency and high detection rate, the
digestive gland makes an ideal target for NoV surveillance; it provides valuable insights
for fine-tuning sampling strategies and improving surveillance progress accuracy. Timely
and consistent monitoring plays a crucial role in accurately measuring the extent of NoV
contamination in oysters, given the observed variability in Ct values and detection rates.
Additionally, the preprocessing steps outlined in the existing ISO methods demonstrate
stability, and prompt testing upon sample collection holds the potential to enhance over-
all detection efficiency. This temporal perspective enhances the understanding of NoV
dynamics in oyster populations and aids in the development of effective monitoring and
mitigation strategies.

Detection methods for NoV in food samples continue to face challenges in effectively
separating the virus from complex food matrices. A critical step to resolving the bottleneck
previously mentioned is to identify where NoV is distributed in oyster tissues, what binding
sites it uses, and what mechanisms it uses for adsorption. NoVs persist in oyster tissues for
extended periods through binding to specific antigens in the gill and digestive gland tissue.
Immunohistochemical experiments have further illustrated the enrichment of NoV viral
particles and constructed virus-like particles (VLPs) in various oyster tissues [28]. Research
has also identified substances in oyster tissues that can be recognized by monoclonal
antibodies targeting histo-blood group antigens (HBGAs) [29,30], with A-type HBGAs
particularly implicated in the adsorption of NoV [31,32]. In prior investigations, our team
employed a GII.4-type NoV bacterial cell surface display system to capture, identify, and
validate protein ligands specific to NoV binding in oyster tissues. We observed that oyster
heat shock protein 70 (HSP70) is a candidate vital ligand for the specific binding of NoV
in oyster tissues, providing a better understanding of NoV attachment and transmission
in oysters [33]. Through the comprehensive investigation of the spatial distribution and
enrichment dynamics of NoV within various oyster tissues in this project, we provide
valuable support and direction for subsequent studies focused on specific adsorption
sites and target selection. This research contributes essential insights to advance the
understanding of NoV interactions within oyster tissues, addressing a pivotal aspect in the
refinement of NoV detection strategies.

The enrichment of viruses in oyster tissues is primarily attributed to physical filtration
during bivalve feeding. However, the accumulation of NoV in oyster tissues may involve
more specific interactions, significantly complicating the purification process [34]. Heat
treatment, while effective in inactivating the virus, compromises shellfish texture and
flavor, thereby diminishing their sensory qualities and consumer value [35]. Purification
procedures entail placing harvested shellfish in clean water to naturally reduce bacterial
and viral content through the digestion and excretion processes. This method is widely
employed in the global shellfish industry to eliminate or diminish the contamination of
pathogens. Nevertheless, these purification methods exhibit limited efficacy in addressing
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contamination concerns. The depuration process can eliminate certain viruses such as
feline calicivirus, but others, such as NoV, can remain persistent in oyster tissues for long
periods [36].

Consequently, understanding the dynamics of NoV enrichment in certain tissues,
including the digestive gland, will help target purification efforts and contribute to the
development of more efficient decontamination processes for oysters. There may also
be persistent latent infections that cannot be detected using PCR methods due to low
viral loads. A 10- to 100-fold increase may occur due to the small volume analyzed by
RT-qPCR, the low rate of recovery during genome extraction, and the presence of RT-
qPCR inhibitors. Thus, except in some specific cases (i.e., in cases with very high levels of
pollution or artificial contamination), the number of genome copies of NoV in oysters is
usually close to the limit of detection. All these considerations highlight the difficulties in
interpreting a positive or negative result when using such an approach [37,38]. Based on the
findings of this study, it is recommended to extend the purification duration for an effective
reduction of NoV contamination in oysters. The shellfish harvest area will be closed for a
minimum of 30 days in Western Canada if the Canadian Food Inspection Agency (CFIA)
detects NoV in any single oyster sample. Prolonged purification allows natural shellfish
digestion and excretion to reduce viral content more comprehensively. Meanwhile, regular
monitoring of water quality levels is essential during the purification process to ensure a
controlled and safe environment. The Canadian Shellfish Sanitation Programme (CSSP)
manual is a reference document for monitoring, classifying, and controlling areas where
bivalve molluscan shellfish are harvested. It is necessary to detect oyster quality during
transportation, storage, and processing. Standardization for prolonged purification in
the oyster aquaculture industry is of paramount significance. This proactive approach
aims to optimize the purification process and enhance its efficiency in mitigating NoV
contamination risks in oysters.

Furthermore, the research has certain limitations due to time, energy, and constraints.
The NoV extraction method, according to ISO 15216, was designed for digestive gland
tissues. The reliability and validity of the gills and palps may not be equally reliable
for different oyster tissues. Results should also be interpreted with caution due to the
methodological limitations of primary studies, which are reflected in the low certainty
of the evidence rating since only oyster tissue changes were considered and not shifts
in temperature regimes, oyster species, or NoV genotypes. Some studies show that low
temperatures weaken shellfish metabolism [39]. There were significantly higher viral loads
among oysters from cold waters (5 ◦C) than those from warmer waters (>10 ◦C) [40]. Based
on that, it sheds some light on the traditional oyster purification procedures and suggests
that temperature might be considered a regulating method. Our study was conducted at
room temperature. A further step towards understanding oyster spatial distribution and
enrichment dynamics with NoV is to consider temperature as a variable. But again, more
artificially contaminated experiments and actual field data are needed to confirm this.

5. Conclusions

To conclude, this study focused on the spatial distribution and enrichment dynamics
of NoV within different oyster tissues, shedding light on crucial factors influencing the
purification process. Various tissues, including the gills, palps, stomach, and digestive
glands, were monitored to discern NoV contamination kinetics. The results offer a thorough
assessment of NoV contamination in oysters, providing valuable data for the develop-
ment of efficient purification strategies and detection methods. The findings contribute
to ongoing efforts to improve food safety, particularly concerning oyster consumption,
and emphasize the significance of refined purification techniques to reduce the dangers
associated with NoV.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods13010128/s1, Table S1: The original data of quantita-
tive real-time PCR (RT-qPCR) for Norovirus.
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Abstract: As an international and zoonotic cause of hepatitis, hepatitis E virus (HEV) poses a signifi-
cant risk to public health. However, the frequency of occurrence and the degree of contamination
of food of animal origin require further research. The aim of this study was to develop and val-
idate a highly sensitive quantitative RT-qPCR assay for the detection and quantification of HEV
contamination in porcine liver and food. The focus was on genotype 3, which is most common as
a food contaminant in developed countries and Europe. The selected assay has its target sequence
in the open reading frame 1 (ORF1) of the HEV genome and showed good results in inclusivity
testing, especially for HEV genotype 3. The developed assay seems to show high efficiency and a
low intercept when compared to other assays, while having a comparable limit of detection (LOD).
In addition, a standard curve was generated using artificially spiked liver to provide more accurate
quantitative results for contamination assessment and tracking in this matrix. Application of the assay
to test 67 pig livers from different origins resulted in a positivity rate of 7.5%, which is consistent with
the results of numerous other prevalence studies. Quantitative detection of the viral genome in the
food chain, particularly in pig livers, is essential for understanding the presence and evolution of
HEV contamination and thus ensures consumer safety.

Keywords: hepatitis E virus genotype 3; RT-qPCR; pork products; food chain control; public health

1. Introduction

Hepatitis E virus (HEV) is a globally occurring non-enveloped (+)-ssRNA virus that
has been identified as the causative agent of human hepatitis E [1]. The virus belongs to the
species Paslahepevirus balayani in the genus Paslahepevirus and within the family Hepeviridae
and is currently divided into 8 different genotypes [2]. While genotypes 1 and 2 are mainly
pathogenic for humans, genotypes 3 to 8 have been shown to infect other mammals with
zoonotic potential for genotypes 3, 4, and 7 [3].

Transmission of the virus is mainly fecal–oral, with water being an important vector,
especially for HEV genotypes 1 and 2, which are most common in developing countries.

In contrast, sporadic outbreaks in industrialized countries are mostly linked to the
potentially zoonotic genotypes 3 and 4 [4,5].

Foods 2024, 13, 467. https://doi.org/10.3390/foods13030467 https://www.mdpi.com/journal/foods
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Comparatively high anti-HEV-specific IgG prevalences indicate a wide distribution of
the virus in Germany and Europe [6]. Although infection with genotype 3, which is the
most common in Europe, usually appears to be subclinical, the health risk, especially for
immunocompromised patients, cannot be neglected [5,7].

Since human-to-human transmission does not seem to play a major role with this
genotype, zoonotic infections are assumed to play a relevant role in the spread of HEV in
Europe [8]. The HEV genotype 3 primarily infects pigs in addition to humans, and the
European domestic pig population, as well as wild boar, is suspected to act as an important
virus reservoir [9,10].

Higher antibody prevalence in occupational groups with frequent contact with pigs
suggests that direct transmission of the virus from pigs to humans is possible [11–13].
However, in various outbreaks of hepatitis E, a clear phylogenetic proximity of the virus
detected in the patients to the HEV found in the food suspected as the source of infection
could also be demonstrated [8,14]. It is therefore assumed that transmission through food of
animal origin, especially from pigs, also plays a significant role in the spread of hepatitis E
in Europe. In addition to the high antibody and virus prevalence in the European domestic
and wild boar population, HEV RNA has been found in a large number of studies at various
stages of the food chain, both in pork liver at the slaughterhouse as well as in ready-to-eat
sausages in shops [15–18].

Since the virus appears to replicate mainly in hepatocytes, foods containing pork
liver are particularly suspected as a source of infection [19]. Several outbreaks in Europe
attributable to foodstuff were also linked to the consumption of insufficiently heated pork
liver and liver sausages containing pork liver [8,20,21]. Therefore, meat from pigs or wild
boar and pork liver sausage have been identified as risk factors for HEV infection in various
countries, as well as oysters and offal [22,23]. As a result, there have been increasing
proposals in recent years to improve the monitoring of food of animal origin and its raw
materials for HEV contamination.

A better understanding of the development of HEV contamination during the process-
ing of foods containing potentially contaminated parts, and in particular food containing
pig liver, would also be essential to improve consumer safety [24].

As sufficiently effective cell lines for the cultivation of HEV have only recently become
available and there is still no standardized procedure for the multiplication of the virus,
as well as serological detection methods not being considered sufficiently sensitive, the
detection methods are mostly based on the qualitative detection of the HEV genome [25,26].

With the official testing procedure BVL L 06.17.01-1:2020-11, a standardized and
proven method for the extraction and qualitative detection of HEV in food is available in
Germany, which uses the assay of Jothikumar et al. 2006 [27] to detect the virus RNA.

However, particularly for the assessment of the contamination level in the food chain
and its distribution as well as its development, very sensitive quantitative detection is
needed to assess the impact of individual measures, such as improved hygiene. A standard
method for the quantification of HEV in food has not yet been established, which makes it
difficult to assess the level of contamination in the food chain as accurately as possible.

This problem is partly due to the fact that most of the assays developed to date have
focused on a sufficiently inclusive detection of HEV. This is made difficult by the high
genetic diversity of the virus, which is particularly pronounced for genotype 3, the most
relevant in food in Europe. Most of these assays target ORF2 or the partially overlapping
ORF3 of the HEV genome [28]. The ORF3 region is the most homogeneous within the
genome and lends itself to very inclusive detection of all genotypes [29]. However, other
regions of the HEV genome may also be suitable for more sensitive detection of the food-
relevant genotypes, such as a region at the beginning of ORF1 used by Mizuo et al. [30] or
another region in ORF2 used by Erker et al. [31]. Most of the detection methods developed
so far and applied to food are RT-qPCR assays [28], but some LAMP assays have also been
presented in East Asia for monitoring contamination, especially with genotype 4 [32–34].
However, due to the highly heterogeneous HEV genome and the resulting difficulty in
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selecting a large homologous target area, especially in genotype 3, the RT-PCR assay seems
to be more suitable for detection.

Most PCR assays developed to date were originally developed for the detection of HEV
in serum from clinically ill patients or the detection in water, but only a few of these assays
have been validated or developed for the detection of HEV contamination in food [28].

An example of a commonly used method is the PCR assay for water testing developed
by Jothikumar et al., in 2006 [27], which was also tested with HEV-contaminated samples
from pigs.

This assay has been widely and successfully used for the qualitative detection of
HEV in the food chain and is characterized by its high inclusivity and the associated low
probability of false-negative results [35]. It has also been used for quantification after
calibration with an RNA-standard. However, especially for the quantitative evaluation of
results from food samples, this test does not show optimal results due to the comparatively
high ct values for genotype 3 samples.

Highly sensitive detection is required for the optimal quantitative interpretation of
results, but this may compromise the inclusivity. For the quantitative evaluation of HEV
in the blood of human patients, great progress has been made in recent years with the
introduction of an international standard [36] for the calibration of the detection method,
so that several quantitative detection methods are already available, e.g., Germer et al. [37]
or Frias et al. [38]. For the highly heterogeneous and difficult to process food matrices,
there is no such standardized material suitable for calibration, making the development of
a quantitative detection method much more difficult.

The lack of such a standard material makes it necessary to test the application of a
potentially quantitative method with either natively contaminated liver or appropriately
spiked liver. In the case of naturally contaminated liver, sufficient extraction of HEV RNA
from the matrix must be ensured, which is usually performed using an internal extraction
control. Examples of such controls are the E. coli phage (MS2) or the murine norovirus
(MNV-1), which are usually detected simultaneously with HEV detection in a multiplex
assay [35].

One problem for spiking liver was the difficulty of specifically multiplying the HEV
in cell culture, making it hard to obtain quantified material for such spiking. A uniform
approach in which the sample used for spiking can be used both as an extraction control
and to calibrate the quantification of the detection of HEV RNA in complex food matrices
would be optimal, so that a calibration covering all steps is possible.

The aim of this study was to develop and validate a highly sensitive quantitative
RT-qPCR method for the detection and quantification of HEV genotype 3 contamination in
pig liver and food, considering the relevant HEV subtypes and taking into account losses
during isolation and transcription in the calibration process.

2. Materials and Methods

2.1. Primer Design

Primers and probes were designed using the Primer-BLAST online design tool [https:
//www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 17 February 2023] provided
by the National Center for Biotechnology Information (NCBI) (Bethesda, MD, USA). The
primers and probes were designed to be homologous to the reference sequences proposed
by Smith et al., (2020) [2] of five different subtypes of HEV genotype 3 frequently found in
food of animal origin in Europe [15,17]. Sequence data was obtained from the GenBank
provided by NCBI [https://www.ncbi.nlm.nih.gov/genbank/, accessed on 17 February
2023] and included the reference genomes of HEV genotypes 3c, 3f, 3b, 3e, and 3i with
GenBank accession numbers FJ70535, AB369687, AP003430, AB248521, and FJ998008,
respectively. To prevent cross-reactions with other viruses belonging to the Norovirus
and Hepatovirus genera, potential matches within the amplicon were excluded. This was
achieved through computational alignment of the target sequence with the genomes of
these viruses, available in the GenBank database.
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On this basis, five different primer sets targeting regions in the ORF1 and ORF3 regions
of the HEV genome were selected and pre-tested using a SYBR Green Real-time PCR to
detect the first international HEV virus panel provided by the Paul Ehrlich Institute (PEI)
(Langen, Germany) and a variety of HEV eluates from field samples. For the pre-test, HEV
RNA was converted into DNA using a QuantiTect Reverse Transcription Kit™ (Qiagen
GmbH, Hilden, Germany) and then analyzed using the FastStart Essential DNA Green I
Mastermix™ and a LightCycler® 96 device from Roche Diagnostics GmbH (Mannheim,
Germany). A complementary probe was designed for the primers that showed the best
inclusivity and detection speed in these pre-tests, and this primer set was then used for
further testing in a TaqMan PCR assay. The selected primer sequences (See Table 1) targeted
an amplicon in the ORF1 region of the HEV genome located between bp 45 and 131 in the
reference strain HEV subtype 3c (FJ705359). All primers and probes were ordered from
Eurofins Genomics Germany GmbH (Ebersberg, Germany).

Table 1. Primers and probes used for RT-qPCR.

Primer: Sequence 5′ → 3′ Region GC% Tm (◦C)

JBH4-HEV
ORF1
(FJ705359)

ForwardPrimer:
Fw_JBH4-HEV 5′-TAAGGCTCCTGGCATTACTACT-3′ 45–67 45.45 58.35

ReversePrimer:
Rv_JBH4-HEV 5′-GCCGAACCACCACAGCATT-3′ 113–131 57.89 61.27

Probe:
P_JBH4-HEV 5′-[FAM]-CTGCTCTGGCTGCGGCCAA-[BHQ1]-3′ 81–99 68.42 59.96

IPC-ntb2 Source: Anderson et al., (2011) [39]

ForwardPrimer:
IPC-ntb2-fw 5′-ACCACAATGCCAGAGTGACAAC-3′ 50 68

ReversePrimer:
IPC-ntb2-re 5′-TACCTGGTCTCCAGCTTTCAGTT-3′ 47.82 68

Probe:
IPC-ntb2

5′-[HEX]-CACGCGCATGAAGTTAGGGGACCA-
[BHQ1]-3′ 58.3 74

2.2. Implementation of an Internal Amplification Contral (IAC)

An IAC was implemented to assess the possible inhibition of the reaction by back-
ground DNA and other substances such as fat. To achieve this, the primers and probes
proposed by Anderson et al., (2011) [39], which have been used successfully in other food-
optimized detection assays were used (See Table 1). These primers target a sequence in the
tobacco (Nicotiana tabacum) genome. A DNA-oligonucleotide matching this primer set’s
target sequence was prepared and quantified by Eurofins Genomics Germany GmbH and
added to each reaction. To determine the optimal concentration of the amplification control
in each reaction, a dilution series of the oligonucleotide was prepared at concentrations
between 1 pmol/μL × 10−5 and 1 pmol/μL × 10−12 and tested in several runs using
the PCR settings described in Section 2.3. Potential inhibition of the HEV RNA detection
reaction by the IAC or the added primer set was also evaluated during this trial, by adding
an HEV positive control to each reaction at a concentration close to the detection limit. The
optimum concentration for the IAC, at which the IAC was close to its detection limit and no
inhibition of HEV detection was observed during the preliminary testing, was determined
to be 1 pmol/μL × 10−11, and 1 μL of this was added as IAC to each reaction.
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2.3. Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) Assay

The RT-qPCR was performed using 10 μL 2× master mix (Takyon™ No ROX 2X
MasterMix), 0.2 μL reverse transcriptase and 0.2 μL additives provided by Takyon™ to
stabilize the reverse transcription. The reagents were produced and provided by Eurogentec
(Seraing, Belgium). The concentration of primers for the detection of HEV-RNA was
250 nM and 100 nM for the associated probe. For the implemented IAC, primer and probe
concentration was 500 nM and 200 nM, respectively. The primer sets used are found in
Table 1. Nuclease-free water was added to bring the total reaction volume to 20 μL. Reverse
transcription was performed at a temperature of 48 ◦C for 20 min, followed by an initial
denaturation step at 95 ◦C for 3 min. Subsequently, forty cycles of a two-step amplification
were carried out, consisting of denaturation at 95 ◦C for 10 s and annealing at 60 ◦C for
60 s. At the end of each amplification cycle, amplification was detected by measuring
an increase of fluorescence using the LightCycler® 96 device (Roche Diagnostics GmbH).
The results were recorded and analyzed using the Light Cycler® Application Software 1.1
(Roche Diagnostics GmbH, Mannheim, Germany).

For each reaction, a positive control was performed in one reaction vessel to ensure a
successful reaction, while a negative control was performed in another vessel to confirm
that no non-specific reactions occurred.

2.4. Reference Method Used for Comparative Analysis of Samples

The official standard method for the qualitative detection of HEV in swine liver in
accordance with BVL L 06.17.01-1:2020-11 was selected as reference method. Slight mod-
ifications were made to the RNA extraction and the PCR reaction parameters. For RNA
extraction, a larger amount of tissue was first minced with a scalpel and mixed, of which
0.25 g of tissue was then used for the first homogenization step. This reduction was
conducted in order to achieve a higher cell disruption in accordance with recent stud-
ies [40]. The reaction parameters of the PCR were adjusted accordingly in order to achieve
optimum adaptation to the PCR device and the reagents used. Reverse transcription
was therefore carried out at a temperature of 48 ◦C as recommended by the manufac-
turer of the reverse transcriptase (Takyon™). In addition, a shorter initial denaturation of
3 min at 95 ◦C was chosen, also as recommended by the manufacturer of the master mix,
Takyon™. Amplification was performed for 45 cycles as a two-step amplification [Temp. ◦C,
Ramp. ◦C/s (Duration s); 95 ◦C, 4.4 ◦C/s (10 s); 60 ◦C, 2.2 ◦C/s (30 s)] as recommended
by the manufacturer of the PCR instrument (LightCycler® 96, Roche Diagnostics GmbH,
Vienna, Austria).

2.5. Analytical Specificity of the JBH4-HEV RT-qPCR Assay

A total of 46 samples containing HEV RNA from different subtypes of HEV genotypes
3 and 4 were tested to determine the inclusivity of the JBH4-HEV RT-qPCR assay. The
sample eluates tested were HEV reference material from the Paul Ehrlich Institute [36],
RNA isolated from wild boar liver in previous HEV prevalence studies by Schotte et al. [41],
RNA isolated from liver samples from the study by Wist et al. [42], and RNA isolated from
field samples of wild boar and domestic pig liver by Gremmel et al. [43]. The selected
subtypes were primarily chosen due to their association with foodborne transmission
and their significance for human infections, covering HEV subtypes 3c, 3f, 3i, 3e, 3h,
3-i-like, 3b, 3ra, 4c and 4g [44]. Additionally, the exclusivity of the JBH4-HEV RT-qPCR
assay was investigated using non-target virus material from closely related species and
viruses circulating in the same environment as HEV. The tests included DNA and RNA of
various enveloped and non-enveloped viruses provided by the Institute of Virology of the
University of Veterinary Medicine Hannover. Potential cross-reactivity was screened with
Porcine circovirus 3 (PCV3), Porcine parvovirus (PPV), Swine influenza virus (SIV), Pseudorabies
virus (PRV), Atypical porcine pestivirus (APPV), Transmissible gastroenteritis virus (TGEV) and
the EU and US variants of the Porcine reproductive and respiratory syndrome virus (PRRSV).
Cross-reactivity with other food-borne viruses such as norovirus or hepatitis A virus was
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also assessed by digital alignment of the amplicon with known sequences of these viruses
available in the GenBank database.

In addition, RNA was isolated from muscle, fat, and liver tissues from pigs previously
found to be HEV-negative by both the new assay and the reference method and tested
to exclude possible matrix-related cross-reactivity. All eluates were screened using the
RT-qPCR presented in this study and the previously described reference RT-qPCR to further
validate the results.

2.6. Analytical Sensitivity of the JBH4-HEV RT-qPCR Assay

Analytical sensitivity was first determined using an RNA oligonucleotide designed
to be complementary to the target region of the JBH4 HEV primer set in the ORF1 region
of HEV subtype 3c (accession number FJ705359). The RNA oligonucleotide was gener-
ated and quantified by Eurofins Genomics GmbH. The specified stock concentration of
100 pmol/μL was first adjusted to 1 genome equivalent (GE)/μL × 1013. A dilution se-
ries from 1 × 107 GE/μL to 1 × 100 GE/μL was then prepared and tested in 6 replicates.
Each dilution step was added directly to the reaction mixture and tested with the newly
developed PCR assay as described above. The data obtained during the investigation
of this dilution series under minimal external influences was used to create an initial
standard curve.

This standard curve was used to assess possible losses during the isolation steps in
the spiking experiment and to evaluate these overall.

2.7. Quantification of HEV RNA by the JBH4-HEV RT-qPCR Assay under Field Conditions by a
Spiking Experiment

In order to quantify the samples tested as realistically as possible, an additional
standard curve was generated based on a spiking experiment. By comparing this curve with
the previously generated analytical standard curve based on the pure RNA oligonucleotide,
it was possible to account for both isolation losses and interfering background substances
from the liver sample.

For this purpose, 6 portions of 0.25 g liver tissue each were taken from a liver that
had previously tested negative with both the new PCR and the reference PCR. After ini-
tial homogenization, three 25 mg portions were taken from each of these six samples
and individually transferred to a new tube containing 600 μL RLT buffer (without ß-
mercaptoethanol/DTT) and a GK60 Precellys Lysing Kit™ (Bertin-Technologies, Montigny-
le-Bretonneux, France). Prior to the second homogenization step, each sample was spiked
with 10 μL of the RNA oligonucleotide at a specific dilution. The concentrations used
ranged from 1 × 107 GE/μL to 1 × 100 GE/μL and were each tested three times, giving
a total of nine samples. After the second homogenization step, the samples were further
processed according to the protocol of the Qiagen RNeasy kit™ (Qiagen GmbH) and the
isolated RNA was eluted in 50 μL of RNase-free water. If the spiked RNA was completely
isolated, the resulting eluates would concentrations are to be expected that are approxi-
mately between 1 × 107 GE/μL and 1 × 100 GE/μL. The limit of detection was set at the
dilution level at which 2/3 of the samples could be detected.

Treatment was performed on ice to minimize potential losses and isolated RNA eluate
was immediately placed on ice and analyzed directly by RT-qPCR.

2.8. Validation of the JBH4-HEV RT-qPCR Assay by Testing Naturally Contaminated
Porcine Liver

To evaluate the suitability of the assay for testing field samples, RNA was extracted
from 67 livers and tested for HEV RNA using both the reference PCR method [27] and
the newly established JBH4-HEV RT-qPCR assay. The livers were randomly collected
from slaughterhouses, hunters, and retailers located in the vicinity of Hannover city. Liver
samples were processed using a slightly modified extraction protocol according to the
official method BVL L 06.17.01-1:2020-11. Modifications were made according to the
publication by Zhao et al. [40]. Also longer centrifugation times were chosen.
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Briefly, approximately 50 g of liver tissue was collected from four different subserosal
sites, pre-mixed, weighed to a total weight of 0.25 g and then placed in a 2 mL reaction
tube filled with zirconium beads and 250 μL of 1% phosphate-buffered saline. The sample
was then homogenized using the Precellys-Evolution™ homogenizer (Bertin-Technologies)
for 5 cycles of 30 s each at a speed of 5 ms−1. The sample was then centrifuged at 13,000× g
for 20 min at 5 ◦C and then 25 mg of the supernatant homogenate was added to a new tube
containing 600 μL of buffer RLT (Qiagen GmbH) and homogenized again using the GK60
Precellys Lysing Kit™ (Bertin-Technologies) for 1 cycle of 20 s at a speed of 5 ms−1. The
RNA was then extracted and enriched by ultrafiltration using the Qiagen RNeasy Kit™
(Qiagen GmbH) according to the manufacturer’s recommendations. All RNA samples were
analyzed using both the newly developed assay and the established reference method to
verify the results.

Quantitative evaluation of HEV contamination in samples tested positive was estimated
using the standard curve generated within the previously described spiking experiment.

3. Results

3.1. Analytical Specificity of the JBH4-HEV RT-qPCR Assay

The JBH4-HEV RT-qPCR assay was able to detect all genotype three samples tested
(see Figure 1), while the two genotype four samples showed no measurable amplification
(see Table 2). Of the 46 HEV eluates tested, three were negative in the reference PCR, two
of which belonged to genotype 3i and one to genotype 4g. The RNA samples isolated
from liver and muscle of pigs previously tested negative for HEV in the reference assays
also showed no detectable amplification within 40 amplification cycles. None of the
samples from a total of eight non-target viruses showed a positive reaction within the
40 amplification cycles, while the IAC was detected in each reaction and showed no
evidence of inhibition. There was also no detectable match between PCR primers and
genome sequences of the Norovirus and Hepatovirus genera available in NCBI GenBank
using the NCBI BLAST algorithm for alignment.

 
Figure 1. Amplification curves from the analysis of different HEV-positive samples isolated from pig
liver and assigned to the HEV genotype 3.
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Table 2. Viral eluates used for testing the analytical specificity of the JBH4-HEV RT-qPCR assay.

Virus Origin Reactivity

Inclusivity

HEV-Subtype 3b HEV reference material PEI (Baylis et al., 2012) [45] +
HEV-Subtype 3c HEV reference material PEI (Baylis et al., 2012) [45] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3c Eluate isolated from pigliver (Gremmel et al., 2022) [43] +
HEV-Subtype 3c Eluate isolated from pigliver (Gremmel et al., 2022) [43] +
HEV-Subtype 3c Eluate isolated from pigliver (Gremmel et al., 2022) [43] +
HEV-Subtype 3c Eluate isolated from pigliver (Gremmel et al., 2022) [43] +
HEV-Subtype 3e HEV reference material PEI (Baylis et al., 2012) [45] +
HEV-Subtype 3e Eluate isolated from pigliver (Gremmel et al., 2022) [43] +
HEV-Subtype 3f HEV reference material PEI (Baylis et al., 2012) [45] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3f Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3h Eluate isolated from pigliver (Wist et al., 2018) [42] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i-like Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i-like Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3i-like Eluate isolated from pigliver (Schotte et al., 2022) [41] +
HEV-Subtype 3ra HEV reference material PEI (Baylis et al., 2012) [45] +
HEV-Subtype 4c HEV reference material PEI (Baylis et al., 2012) [45] -
HEV-Subtype 4g HEV reference material PEI (Baylis et al., 2012) [45] -
Exclusivity

PCV3 IoV 1 -
PPV IoV 1 -
SIV IoV 1 -
PRV IoV 1 -
APPV IoV 1 -
TGEV IoV 1 -
PRRSV EU IoV 1 -
PRRSV US IoV 1 -

1 Institute of Virology, University of Veterinary Medicine Hannover.
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3.2. Analytical Sensitivity of the JBH4-HEV RT-qPCR Assay

In the first experiment, the target RNA was detected up to a dilution level of
1 × 101 GE/μL (GenomeEquivalents/μL), corresponding to a number of 20 copies per reaction.

Results are found in Table 3. From the six-fold repetition of the measurement of
the individual concentration levels, a standard curve was calculated, which could be
described with the equation y = −3.295x + 37.811. The value m (−3.295) indicated
the slope of the curve and the value b (37.811) indicated the Y-value for log level 0,
i.e., the calculated Cq-value for the detection of 1 copy per reaction. Using the formula
E = (10(−1/slope))−1, the efficiency was then calculated from its correlation with the slope.
The equation E = (10(−1/−3.1216))−1 thus resulted in a PCR efficiency of 1.011. R2 was
determined at 0.9909.

Table 3. Detection of a dilution series of pure RNA oligonucleotide.

GE/μL Positive/Tested Average Cq-Value Average Deviation

1 × 107 6/6 13.24 0.217
1 × 106 6/6 16.90 0.168
1 × 105 6/6 20.46 0.059
1 × 104 6/6 23.84 1.193
1 × 103 6/6 26.92 0.132
1 × 102 6/6 31.62 1.995
1 × 101 6/6 33.83 0.880
1 × 100 2/6 35.47 0.311

3.3. Analytical Sensitivity of the JBH4-HEV RT-qPCR Assay under Field Conditions in Spiked
Liver Samples

Subsequently, the target RNA was also used to spike liver material for generating a
matrix-specific standard curve. As described in Section 2.7, 10 μL of each of the dilution
levels 106 to 101 GE/μL were spiked, so that a total of 107 to 102 GE were present in 25 mg
of material. The corresponding results are shown in Table 4.

Table 4. Detection rate of target RNA in artificially contaminated liver tissue at different contamina-
tion levels.

GE/25 mg Sample Tested/Positive Average Cq-Value Average Deviation

1 × 107 9/9 20.805 0.285
1 × 106 9/9 24.058 0.220
1 × 105 9/9 27.165 0.415
1 × 104 9/9 30.611 0.353
1 × 103 7/9 35.324 2.072
1 × 102 2/9 36.665 1.831

The resulting standard curve could be described with the equation y = −3.3297x + 38.569.
The equation E = (10(−1/−3.3297))−1 resulted in a PCR efficiency of 0.9967, and R2 at 0.9888
(see Figure 2). The detection limit was set at 1 × 103 GE/25 mg liver material. No reaction
was affected by inhibition as the IAC was in every sample.
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Figure 2. Standard curve from the results of measuring the analytical sensitivity of the JBH4-HEV
RT-qPCR assay under field conditions by analyzing liver spiked with different dilution levels of
target RNA.

3.4. Validation of the JBH4-HEV RT-qPCR Assay

Of the 67 livers tested, a total of 5 showed a positive reaction in both the new assay
and the reference method BVL L 06.17.01-1:2020-11. Of these 5 positive livers, 4/5 were
from domestic pigs and 1/5 from wild boar, 3/5 were purchased from local butcher
shops, 1/5 was purchased directly at the slaughterhouse and one was from hunting.
The contaminations were quantified and fluctuated considerably with values between
972 GE/25 mg and 215,583 GE/25 mg.

4. Discussion

The molecular detection of food contaminants using PCR is challenging due to the high
heterogeneity of the matrices and the associated potentially high proportion of interfering
substances. The high genetic diversity of the HEV genome, particularly genotype 3, which
is one of the predominant food contaminants in Europe, makes it difficult to select a suitable
target region and specific primers for detecting the presence of the HEV genome [2,29,46].

Inoue et al. [47] identified three regions in the HEV genome that could be suitable for
inclusive molecular detection of HEV due to a sufficiently high sequence identity of over
75%. These include the 5′-untranslated-region (UTR) with the 5′-terminal part of ORF1,
the overlapping ORF2/ORF3 region and the central part of ORF2. Most assays focus on
the regions in ORF2 and ORF3 to achieve high inclusivity, such as the most commonly
used assay for the detection of HEV in food by Jothikumar et al. [27]. In the case of a
prioritized consideration of HEV genotype 3 subtypes, and thus the major HEV genotype
in pork-containing foods, primer design in ORF1 is sufficiently comprehensive and may
offer advantages in terms of sensitivity. In this study, various primer sets were tested
in preliminary tests. The selected ORF1-based primer set outperformed the alternative
variants in terms of analytical inclusivity and sensitivity.

Since most of the developed assays to date were originally validated for human
diagnostics and were only partially used for HEV detection in food, comparable data
about their performance in food analysis are lacking. An exception is the HEV assay by
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Jothikumar et al. [27], which has also been established for investigating environmental
samples. As this assay has been shown to be probably the most sensitive for detecting
HEV in pig samples by Ward et al. [35], this assay was used in many prevalence studies
including food samples [28]. For this reason, it was selected as reference assay in this study.
A total of 46 HEV RNA containing samples were analyzed with both the new JBH4_HEV
RT-qPCR assay and the reference assay. The three previously confirmed HEV genotype
3 samples that tested negative using the assay by Jothikumar et al. [27] could be correctly
identified by the new JBH4_HEV RT-qPCR suggesting a higher sensitivity. In addition,
inclusivity was tested using samples of HEV genotypes 3 and 4 from the World Health
Organization’s first international reference panel for different hepatitis E virus genotypes
for nucleic acid amplification assays [36]. All HEV genotype 3 samples were tested positive
whereas the 2 samples of genotype 4, the predominant food-associated HEV variant in East
Asia, were not detectable using the JBH4_HEV RT-qPCR. The genotype 4g sample was
tested negative in both the new and reference PCR assay while genotype 4c was amplified
with a comparatively high cq value of 38 in the reference PCR assay. Insufficient RNA
isolation could be considered as the cause for the false negative results, as the selected
isolation method was not optimized for serum samples.

The inclusivity test performed in this study focused on subtypes of HEV genotype 3,
which are most frequently detected in European foods. As most PCR assays are designed to
detect the different HEV genotypes associated with humans, they have been validated for a
wide range of genotypes, but with less emphasis on HEV genotype 3 in and from food. For
example, Enouf et al. [40] tested eight HEV genotype 3 eluates from patient serum, whereas
many other assays determined inclusivity only by comparison with genomic databases.
In the study of Jothikumar et al. [27], only 10 HEV genotype 3 eluates were considered.
By testing 42 different HEV eluates, the inclusivity of the JBH4_HEV RT-qPCR assay was
therefore more thoroughly validated for food-related applications.

Investigating the exclusivity of the JBH4_HEV RT-qPCR included viral contaminants
that potentially occur in porcine liver. Some PCR assays developed for detection of HEV
showed a similar strategy in their exclusivity testing, e.g., Kaba et al. [48] and Jothiku-
mar et al. [27]. With no false positives, the JBH4_HEV RT-qPCR performed similarly to
previously established assays.

The determination of analytical sensitivity and the development of a quantitative
HEV-specific RT-qPCR assay is a major challenge, as until recently there were no efficient
cell culture models for virus propagation and subsequent quantification of the purified
analyte [26]. Although precise quantification of, e.g., liver material is already possible
with digital droplet PCR [49], this method is not yet suitable for mass production due to
its limited distribution and high costs. Quantified reference material, such as the Interna-
tional Reference Panel [36], which is available for the evaluation of PCR tests for human
diagnostics based on serum or fecal samples, does not exist in this form for pig liver and
therefore for food matrices. In order to avoid the need for virus replication, artificially
produced DNA- and RNA-oligonucleotides, which are identical to the amplicon, can be
used for determining analytical sensitivity and detection limit in various food products
and raw materials.

This strategy can help to achieve a good comparability between the performance of
different assays. For example, compared with the four standard curves obtained by Ward
et al. [35] using various HEV-specific TaqMan-RT-qPCR assays, the JBH4_HEV RT-qPCR
assay showed a very good efficiency of 101.1% and a comparatively low intercept of 37.81
for the pure analyte. A lower intercept value of 35.96 was only achieved by Ahn et al. [50].
However, their assay showed limitations in terms of inclusivity for the HEV genotype 3
occurring in pigs.

The analytical sensitivity determined for the JBH4_HEV RT-qPCR assay ranged be-
tween 2 and 20 GE per reaction and thus, was comparable to PCR assays developed by
Gyarmati et al. [51] (1 and 20 GE per reaction), Enouf et al. [52] (10 GE per reaction), Ahn
et al. [50] (16.8 GE per reaction) and Jothikumar et al. [27] (4 GE per reaction). In this study,

142



Foods 2024, 13, 467

these data were supplemented by a spiking experiment using the amplicon-based RNA
oligonucleotide for artificial contamination of porcine liver to assess the detection limit and
performance of the assay under the influence of matrix-specific factors.

The achieved detection limit of 20 GE/reaction, an efficiency of 99.67% and a relatively
low intercept of 38.57 for the standard curve obtained confirmed that the JBH4_HEV RT-
qPCR assay was suitable, highly sensitive and reliable tool for detecting and quantifying
HEV in complex samples even taking into account potential RNA losses during sample
processing. The cq values measured for each sample were reproducible in all repetitions
and showed an overall average deviation of 0.69 Ct. It can be concluded that the RNA yields
were stable after each isolation process and that the extraction method used was compatible
with the subsequent JBH4_HEV RT-qPCR assay and sufficiently robust. This evaluation
of the extraction method including mechanical disruption and subsequent ultrafiltration
was consistent with the findings of Hennechart–Collette et al. [53] who recommended the
procedure for use on liver sausages.

When using the JBH4_HEV RT-qPCR assay to analyze pig livers from various sources
in the Hannover region, 5 out of 67 livers were found to be positive, which corresponds to
a prevalence of 7.5%. This result is therefore very close to the results of various prevalence
studies on pig livers in Germany and Europe [9], such as the prevalence of 4% found
by Wenzel et al. [54] for pig livers from domestic pigs in south-western Germany or the
prevalence of 13.5% and 11% found by Baechlein et al. [55] and Boxmann et al. [56] for pig
livers from domestic pigs in Germany and the Netherlands, respectively.

Comparably high percentages of positive liver samples were also found in HEV
prevalence studies in wild boar, such as the 5.9% positive samples found by Gremmel
et al. [43] in northern Germany or the values of 2.8% to 13.3% HEV-positive samples
between 2013 and 2017 described by Schotte et al. [41] in various regions of Germany.

The difference in prevalence in the present study may be due to the smaller sample
size of 67 livers, considering that Gremmel et al. [43], Baechlein et al. [55] and Boxmann
et al. [56] sampled over 200 animals, while Schotte et al., sampled approximately 3500 [41].

In the study by Boxmann et al. [56], the average contamination of the livers analyzed
was log(10) 3.2 GE/0.1 g with a range between 1.7–6.2 GE; in the study by Baechlein
et al. [55], an average load of log(10) 8 GE/0.1 g is stated.

This range of results is therefore largely consistent with the results of this study, in
which an average native viral load of log(10) 4.8 GE/0.1 g was determined in pig liver,
with a range of 3.8 to 6.11 GE/0.1 g. In most studies, however, the HEV load of the
samples was not quantitatively assessed, so that only very limited comparative data are
available [48,57,58].

In general, it is difficult to estimate the risk for consumers from exposure to contami-
nated pig liver and products thereof. This is due to the fact that no human infectious dose
has yet been established for HEV, so reference values from pigs or monkeys have to be
used [25]. Furthermore, only limited conclusions can be drawn about the infectivity of the
virus from positive PCR results because the method only detects RNA, but not the extent
to which it is also a component of an infectious virus or an already partially denatured
structure. Previously proposed methods of differentiation, such as the addition of RNase
to denature free viral RNA or selective dyes, can only be indicative [59]. A recent study
focusing on the isolation of HEV from liver samples showed that 83.3% (15 out of 18) HEV
RNA-positive samples contained infectious hepatitis E viral particles and therefore must
be considered as a potential source for human infections [43]. Overall, the JBH4_HEV
RT-qPCR assay could be adapted as a good tool for use in relevant food matrices with an
increased risk of HEV contamination, such as meat products containing pork liver. Special-
izing and optimizing the assay for these matrices could thus help to track the progression
of HEV contamination in the food chain by quantifying the contamination within the
different production stages, improve food control, and verify the effectiveness of reduction
measures. It can therefore make a significant contribution to protecting consumers from
HEV infection by improving food safety through better identification of critical control
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points in the processing of HEV-contaminated pork liver and through sensitive monitoring
of potentially contaminated food. Further research is required to investigate the occurrence
and development of the hepatitis E virus in the European food chain [24], including sub-
stantial screening of animal food stuffs, particularly pig liver, and more precise recording
of the possible food-related spread. Finally, the JBH4_HEV RT-qPCR assay is a suitable tool
for generating comprehensive and detailed data to fill these gaps.
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