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Editorial on the Research Topic

New knowledge of food microbiology in Asia, volume II

In recent years, food microbiology has received widespread attention in Asia from

many different directions. Several years ago, we collaborated with the journal Frontiers

in Microbiology to launch a Research Topic New Knowledge of Food Microbiology in

Asia, and got a good response from young scientists in this field. To continue in view of

new developments, we relaunched the same Research Topic in November 2021.

In this volume, 17 manuscripts were submitted and all of them were strictly peer-

reviewed. Finally, 14 manuscripts were accepted for publication. In research subjects

ranged from Pseudomonas fluorescens and lactic acid in milk, Lactiplantibacillus

plantarum in fermented foods, Escherichia coli and Proteus mirabilis in pigs

and cattle, microbial contamination risk in pork production, general microbial

community composition in different foods, and further. In these studies, some modern

methodologies, e.g., high-throughput sequencing, were applied.

Mahata et al. characterized Sterigmatocystin produced by Aspergillus species from

the Nidulantes Section in Foeniculum vulgare. Zhang, Lai et al. screened and evaluated

lactic acid bacteria with probiotic potential from raw milk. Qu et al. sequenced Proteus

mirabilis isolates recovered from pig farms and identified 95 virulence factors. Zhang,

Bai et al. characterized Shiga toxin-producing Escherichia coli derived from a cattle

farm. Yan et al. studied the persistent effects of acute exposure to AFB1 on rat liver

and identified several regulatory factors, that is, genes Lama5, Gtse1, Fabp4, and Bcl6.

Tao et al. analyzed the global prevalence of foodborne pathogens exhibiting antibiotic

resistance and biofilm formation using meta-analysis. Sun et al. assessed the probiotic

potentials of Lactiplantibacillus plantarum strains isolated from Chinese traditional

fermented food through phenotypic and genomic analyses. Yang, Qiu et al. studied the

dynamical changes of bacterial communities in Manila clam (Ruditapes philippinarum)

during refrigerated storage. Du et al. tracked the complex community structures and

regional variations of psychrotrophic bacteria in raw milk by single-molecule real-

time sequencing and traditional cultivation techniques. Bai et al. made a genotyping

diarrheagenic Escherichia coli based on CRISPR loci diversity and pathogenic potential.

Yang, Zhao, et al. performed a risk analysis of microbial contamination risk in pork

production using the quantitative exposure assessment model. Wang et al. evaluated
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chlorine tolerance and cross-resistance to antibiotics in poultry-

associated Salmonella isolates in China, while Liu et al. studied

the effect of bacterial resistance on Escherichia coli of in local

large-scale pig farms. Bu et al. established a loop-mediated

isothermal amplification (LAMP) assay for the rapid detection

of Pseudomonas fluorescens in raw milk.

Taken together, we hope this volume provides some new

insight into food microbiology in Asian countries.
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Detection of Pseudomonas
fluorescens in Raw Milk
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Raw milk is susceptible to microbial contamination during transportation and storage.
Pseudomonas fluorescens producing heat-resistant enzymes have become the most
common and harmful psychrophilic microorganisms in the cold chain logistics of raw
milk. To rapidly detect P. fluorescens in raw milk, the protease gene aprX was selected
as a detection target to construct a set of primers with strong specificity, and a
loop-mediated isothermal amplification (LAMP) assay was established. The detection
thresholds of the LAMP assay for pure cultured P. fluorescens and pasteurized milk
were 2.57 × 102 and 3 × 102 CFU/mL, respectively. It had the advantages over
conventional method of low detection threshold, strong specificity, rapid detection,
and simple operation. This LAMP assay can be used for online monitoring and on-
site detection of P. fluorescens in raw milk to guarantee the quality and safety of
dairy products.

Keywords: P. fluorescens, raw milk, LAMP, detection, rapid

INTRODUCTION

Dairy products are rich in all kinds of nutrients necessary for the human body and are easy to be
digested and absorbed, so they are increasingly favored by consumers. Raw milk, the main material
of dairy products, has a direct impact on the quality and safety of products. Pseudomonas fluorescens
are types of psychrotrophic bacteria that can grow and reproduce at a low temperature. They exist
widely in all links of dairy processing and production, which may cause potential hazards to raw
milk (Vithanage et al., 2016). With the application of cold chain logistics in the dairy industry,
P. fluorescens with a cold-tolerant characteristic occupy an advantage in the flora structure of raw
milk and have become the main spoilage bacteria leading to the degradation of raw milk quality
(Neubeck et al., 2015). In addition, some extracellular enzymes secreted by P. fluorescens can
withstand high temperatures in the process of pasteurization and ultra-high temperature (UHT)
sterilization (Alves et al., 2016). During the later storage of dairy products, the residual enzymes
play a role in the hydrolysis of milk protein and fat, resulting in the reduction of nutritional value
and adverse sensory changes, which shorten the shelf life (Stoeckel et al., 2016). The harm of
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P. fluorescens and their thermostable enzymes on dairy products
has been widely studied (Barbano et al., 2006; Matéos et al.,
2015; Zhang et al., 2020), which is considered to be one of the
negative factors restricting the development of the dairy industry.
Therefore, the monitoring and control of P. fluorescens in raw
milk are significant to ensure the safety of dairy products.

The traditional counting method cannot detect P. fluorescens
in raw milk quickly and specifically, which is difficult to meet
the needs of real-time and on-site detection in the process of
dairy production. In recent years, a large number of studies
have been devoted to applying rapid detection technologies such
as polymerase chain reaction (PCR), loop-mediated isothermal
amplification (LAMP), and enzyme-linked immunosorbent assay
(ELISA) (Hsieh et al., 2014; Hashimoto et al., 2016; Nagaraj
et al., 2016; Madrid et al., 2021; Maier et al., 2021). PCR has
been developed rapidly and is considered to be an accurate and
reliable detection method. However, it is necessary to go through
cumbersome temperature change procedures, and the results
should be observed by electrophoresis in the process of PCR.
As for the LAMP assay, at least four specific primers should be
designed targeting six specific regions of the target gene (Niessen
et al., 2013), and the amplification reaction will be completed
under isothermal conditions for dozens of minutes with Bst
DNA polymerase. The products of LAMP can be determined in
several forms, such as agarose gel electrophoresis or turbidity
measurement. In addition, a more simple and intuitive method
is adding fluorescent dyes to the reaction system, and the final
color difference of the system can be used to judge the occurrence
of an amplification reaction directly (Wong et al., 2018). The
LAMP method is superior in terms of its high specificity and
low detection limit, and the equipment required for detection
is simple. At present, the detection of P. fluorescens in raw milk
based on LAMP is still in the exploratory stage. In this study, a set
of specific LAMP primers was designed, and a rapid and efficient
detection protocol of P. fluorescens in raw milk was established
and evaluated, which was crucial to strengthening the quality
control of dairy products.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Milk-derived protease-producing P. fluorescens CICC 23250,
CICC 23251, CICC 23253, and PF were the target strains in
detection, which were inoculated into Luria–Bertani (LB) broth
(QingDao Hope Bio-Technology, Shandong, China) containing
10 g of tryptone, 5 g of yeast extract powder, and 10 g
of sodium chloride and were shaking cultured at 150 rpm
at 25◦C for 24 h. Staphylococcus aureus, Escherichia coli,
Listeria monocytogenes, Salmonella typhimurium, Pseudomonas
aeruginosa, and Pseudomonas putida, which are common
contaminative bacteria in milk, were used to evaluate the
specificity of the LAMP assay. S. aureus and L. monocytogenes
were cultured in brain heart infusion (BHI) medium (Qingdao
Hope Bio-Technology, Shandong, China) containing 10 g of
peptone, 12.5 g of brain infusion powder, 5 g of heart infusion
powder, 5 g of sodium chloride, 2 g of glucose, and 2.5 g of

disodium phosphate at 37◦C for 24 h, and the other four strains
were cultivated with shaking in LB broth at 37◦C for 24 h.

Extraction of Bacterial DNA
DNA was extracted using the Bacterial Genomic DNA Extraction
Kit (Solarbio, Beijing, China), and the extracted genome was used
as a template in the LAMP amplification system.

Design and Synthesis of a Primer Set for
Loop-Mediated Isothermal Amplification
The complete sequence of the protease gene aprX of P. fluorescens
was submitted to Clustal Omega1 for online multiple sequence
alignment analysis. The part of the sequences with high
conservatism were selected. Primer Explorer V5 software was
used to design LAMP primers, including two outer primers (F3
and B3), two inner primers (FIP and BIP), and two loop primers
(LF and LB). A primer set was synthesized by Shanghai Sangon
Biotech. The primer sequences were listed in Table 1.

Optimization of Loop-Mediated
Isothermal Amplification Reaction
System
The initial added amount of each component and the reaction
conditions in the LAMP system were referred to previous studies
(Notomi et al., 2000; Nagamine et al., 2002) and modified slightly.
The volume of the system was 25 µL, containing 12.5 µL
of 2 × LAMP PCR Master Mix (Sangon Biotech, Shanghai,
China), 0.5 µL of each outer primer, 2 µL of each inner primer,
1 µL of each loop primer, 2 µL of DNA template, 0.5 µL
of Bst DNA polymerase, and double-distilled H2O (ddH2O)
(Solarbio, Beijing, China). The system reacted at 65◦C for
60 min. In order to achieve the optimum detection efficiency of
the primer set, the LAMP detection system was optimized by
taking P. fluorescens CICC 23250 as the representative strain.
The optimization variables included the Bst DNA polymerase
(Sangon Biotech, Shanghai, China) content (0.0, 0.1, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.4, and 1.6 µL), Mg2+ (New England BioLabs,
Beijing, China) concentration (0.0, 2.0, 4.0, 6.0, 8.0, 10.0, and
12.0 mmol/L), deoxynucleotide triphosphates (dNTPs) (Solarbio,
Beijing, China) concentration (0.0, 0.4, 0.8, 1.2, 1.6, and 2.0

1www.ebi.ac.uk/clustalw

TABLE 1 | Sequences of the primer set for Pseudomonas fluorescens protease
gene aprX.

Primer Sequence (5′–3′)

F3 GTACCTGACCAACAACAGCT

B3 GCTCTCGCTCCAGTAGCT

FIP AGGGTATGGCCGATTTCGTGGGGAACAAGACCCCGGACCT

BIP GCTCACCCTGGCGACTACAACGTGTAGCCGCGCGTGTC

LF TGCCGGCCGTAGTTGTTC

LB GGCAACCCGACCTACAACG

F3 and B3 were the outer primers, FIP and BIP were the inner primers, and LF and
LB were loop primers.
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mmol/L), reaction temperature (60, 61, 62, 63, 64, and 65◦C),
and reaction time (20, 30, 40, 50, 60, and 70 min). An identical
volume of ddH2O was used to replace the DNA template as a
negative control. Bst DNA polymerase was inactivated at 80◦C for
10 min to terminate the reaction. The LAMP reaction products
were analyzed using 2% agarose gel electrophoresis at 100 V for
40 min, and amplification effects were judged by the gray values
of electrophoretic bands with the help of Image J software.

Specificity Evaluation of Loop-Mediated
Isothermal Amplification Assay
Under the optimized reaction conditions, four strains of
P. fluorescens and six strains of common pollutant bacteria
were amplified with the designed primer set. The specificity
of the LAMP assay system was analyzed by visualization and
electrophoresis. One microliter of SYBR Green I (Solarbio,
Beijing, China) was added into the LAMP reaction system,
and the color change was observed directly to determine
P. fluorescens. Another 5 µL of the reaction product was detected
by 2% agarose gel electrophoresis at 100 V for 40 min to judge
the specificity according to the generation of the characteristic
map. P. fluorescens CICC 23250 was used as a positive control
and ddH2O acted as a negative control.

Detection Limit Measurement of the
Loop-Mediated Isothermal Amplification
Assay
Pure culture and artificially contaminated pasteurized milk with
P. fluorescens CICC 23250 were taken for 10-fold gradient
dilution. The DNA of P. fluorescens with different concentrations
was extracted, and the concentration of bacteria was calculated
by plate counting. Amplification was performed in the optimized
LAMP system, and the detection limit of the LAMP system was
determined by 2% agarose gel electrophoresis.

RESULTS

Optimization of the Loop-Mediated
Isothermal Amplification Reaction
System
The electrophoretic bands of products under different LAMP
amplification conditions were shown in Figure 1. When Bst
DNA polymerase was absent in the reaction system, there was
no band present, while the band reached maximum brightness
with Bst DNA polymerase content of 0.6 µL (Figure 1A). The
results in Figure 1B revealed that, when the Mg2+ concentration
was 4.0 mmol/L, an electrophoretic strip was detectable, which
was brightest at a concentration of 6.0 mmol/L. dNTPs are
the main materials for DNA synthesis determining the reaction
degree of amplification. The brightest amplification band was
observed at dNTPs concentration of 0.8 mmol/L (Figure 1C).
It could be seen from Figure 1D that the brightness of the
amplification band in lane 4 was more intense than that in
other lanes, so the best reaction temperature was 63◦C. For the
reaction time, the band was visible at 20 min, but amplification

was still incomplete. With the extension of the reaction time,
there were no significant differences in the light intensity of the
strips, indicating that the amplification was basically completed at
30 min. Therefore, 30 min was selected as the best reaction time
to shorten the detection time (Figure 1E). In view of the above
observations, the optimal LAMP assay system parameters were
determined as 0.6 µL Bst DNA polymerase, 6.0 mmol/L Mg2+,
0.8 mmol/L dNTPs, and reaction temperature and time of 63◦C
and 30 min, respectively.

Specificity of the Loop-Mediated
Isothermal Amplification Assay
The strains of P. fluorescens and common polluting bacteria
(S. aureus, E. coli, L. monocytogenes, S. typhimurium,
P. aeruginosa, and P. putida) in milk were amplified in the
optimum LAMP reaction system. The results of the visualization
and electrophoresis analysis were shown in Figures 2, 3,
respectively. It was found that the amplification systems of
the LAMP primers for the four P. fluorescens strains were
positive (green), while presented negative (orange) for other
contaminated strains, which suggested that the LAMP assay
system would not be interfered by non-target strains (Figure 2).
In Figure 3, the specific bands were observed for the four
P. fluorescens strains, but no bands were found for the non-target
strains. This indicated that the LAMP primer set had strong
specificity for P. fluorescens, which was consistent with the results
of visualization.

Detection Limits of the Loop-Mediated
Isothermal Amplification Assay
LAMP amplification was performed in pure culture and
contaminated pasteurized milk with different concentrations of
P. fluorescens. The amplified products were subjected to 2%
agarose gel electrophoresis. For P. fluorescens in pure culture,
the concentrations ranging from 2.57 × 107 to 2.57 × 102

colony-forming unit (CFU)/mL could be amplified by the LAMP
assay system. When the concentration of the reaction template
was lower than 2.57 × 102 CFU/mL, no band was detected,
which suggested that the LAMP detection limit for pure cultured
P. fluorescens was 2.57 × 102 CFU/mL (Figure 4A). As shown in
Figure 4B, the target amplification bands were observed in lanes
2–7, but no band was presented in lane 8, which demonstrated
that the detection limit of the LAMP system for P. fluorescens in
pasteurized milk was 3× 102 CFU/mL.

DISCUSSION

With the development and application of low-temperature
preservation in the food industry, psychrophilic bacteria have
become the main microorganisms leading to the corruption
and deterioration of food. As the most common and hazardous
cryophiles in raw milk, P. fluorescens can secrete extracellular
enzymes with strong heat-resistant properties, which may reduce
the nutritional value of food and cause foodborne diseases,
affecting the quality and shelf life of dairy products seriously. At
present, studies on the harmful effects of P. fluorescens and their
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FIGURE 1 | Effects of different Bst DNA polymerase contents, Mg2+ concentrations, deoxynucleotide triphosphates (dNTPs) concentrations, reaction temperatures,
and reaction times on the electrophoretic bands of the loop-mediated isothermal amplification (LAMP) products. (A) Bst DNA polymerase content. 1: negative
control; 2–11: 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 µL. (B) Mg2+ concentration. 1–7: 0.0, 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 mmol/L; 8: negative control.
(C) dNTPs concentration. 1–6: 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0 mmol/L; 7: negative control. (D) Reaction temperature. 1–6: 60, 61, 62, 63, 64, and 65◦C; 7: negative
control. (E) Reaction time. 1–6: 20, 30, 40, 50, 60, and 70 min; 7: negative control. M represents the D2000 plus DNA Ladder (Solarbio, Beijing, China).

FIGURE 2 | Visualization results of the loop-mediated isothermal amplification (LAMP) assay for Pseudomonas fluorescens and common contaminating bacteria in
raw milk. (A) P. fluorescens. 1: negative control; 2–5: P. fluorescens CICC 23250, CICC 23251, CICC 23253, and PF. (B) Common contaminating bacteria. 1–6:
Pseudomonas aeruginosa, Pseudomonas putida, Listeria monocytogenes, Staphylococcus aureus, Escherichia coli, and Salmonella typhimurium; 7: positive control.

FIGURE 3 | Electrophoresis map of the loop-mediated isothermal amplification (LAMP) assay for Pseudomonas fluorescens and common contaminating bacteria in
raw milk. (A) P. fluorescens. 1: negative control; 2–5: P. fluorescens CICC 23250, CICC 23251, CICC 23253, and PF. (B) Common contaminating bacteria. 1:
negative control; 2–7: Pseudomonas aeruginosa, Pseudomonas putida, Listeria monocytogenes, Staphylococcus aureus, Escherichia coli, and Salmonella
typhimurium; 8: positive control. M represents the D2000 DNA Ladder (Solarbio, Beijing, China).

thermostable enzymes to dairy products are mainly focused on
pasteurized milk and UHT milk. Aging gels, protein hydrolysis,
fat floating, and bitterness are common quality problems in
UHT milk (Liu et al., 2007; Baglinière et al., 2013; Martin

et al., 2018) and restrict the progress of the dairy industry.
Therefore, it is essential to realize rapid detection of P. fluorescens
in raw milk in order to ensure quality and safety in the
dairy industry.
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FIGURE 4 | Electrophoresis map of the loop-mediated isothermal amplification (LAMP) assay for pure culture and artificially contaminated pasteurized milk with
different concentrations of Pseudomonas fluorescens. (A) Pure culture. 1: negative control (ddH2O); 2–8: 2.57 × 107, 2.57 × 106, 2.57 × 105, 2.57 × 104,
2.57 × 103, 2.57 × 102, and 2.57 × 101 CFU/mL. (B) Pasteurized milk. 1: negative control (ddH2O); 2–8: 3 × 107, 3 × 106, 3 × 105, 3 × 104, 3 × 103, 3 × 102,
and 3 × 101 CFU/mL. M represents the D2000 plus DNA Ladder.

The traditional microbial counting method cannot meet the
actual needs of the dairy enterprise due to its time-consuming
process and inaccuracy. With the development of molecular
biotechnology, an increasing number of rapid detection methods
have been widely used for food microbe detection. LAMP assay
relies on at least four especially designed primers and Bst
DNA polymerase with strand-displacing activity to complete the
amplification process at a constant temperature (Mori et al.,
2013), which has a particular advantage over other methods.
In the aspect of equipment, the reaction is carried out under
thermostatic temperature, and a simple water bath can meet
the requirement of temperature control without the need for
expensive and sophisticated instruments. Moreover, a stabilized
temperature reduces the time of temperature change, which
greatly shortens the whole reaction process. With regard to
the determination of the reaction products, it can be achieved
using agarose gel electrophoresis and judged by the amount of
flocculent turbidity or obvious color difference in the reaction
system, which is more intuitive and reliable than the traditional
plate counting method.

Owing to the short detection time, strong specificity, and
simple operation (Notomi et al., 2015), the LAMP assay has
the potential for on-site and real-time detection and has been
widely used in microbial detection and identification (Wang
et al., 2010; Duarte-Guevara et al., 2016). The LAMP assay or new
detection approaches on the basis of LAMP have been reported
to realize the rapid detection of microorganisms in food. Wang
et al. (2013) established an in situ LAMP assay to detect Vibrio
parahaemolyticus from seafood. It was found that the detection
rates of the in situ LAMP, regular LAMP, and PCR were 100,
93.8, and 70.8%, respectively (Wang et al., 2013). In order to
detect L. monocytogenes in food, primers targeting the genes hlyA
and iap were designed to construct the double LAMP (dLAMP)
method. The results illustrated that the detection sensitivity was
10 fg DNA of L. monocytogenes per tube with reaction at 63◦C
for 15 min. At the same time, mineral oil and GoldView II
dye were added into the system to avoid aerosol pollution and
realize the visualization analysis (Wu et al., 2014). Kim et al.
(2021) designed three LAMP primer sets for the detection of

Bifidobacterium longum subspecies in probiotic products. The
detection level was about 102 CFU/mL, which could detect
the target subspecies within 45 min specifically and sensitively
(Kim et al., 2021). Restriction fragment length polymorphism
(RFLP) combined with multiplex LAMP (mLAMP) was used
to detect Salmonella spp. and Shigella spp. in milk. It was
shown that the overall detection process could be completed
in approximately 20 min. The sensitivity of mLAMP-RFLP for
Salmonella and Shigella strains was up to 100 fg DNA per tube,
and the detection limit in artificially contaminated milk was 5
CFU/10 mL (Shao et al., 2011).

The use of LAMP assay for detection in various food products
has been reported (Sun et al., 2015; Spielmann et al., 2019; Liu
et al., 2021). However, applying LAMP to detect P. fluorescens in
raw milk is rare. The exploitation of a specific LAMP assay for
detecting P. fluorescens in raw milk has attracted much attention.
In our previous study, a LAMP assay system was established
based on the conserved gene sequence of P. fluorescens 38
lipases, and we evaluated its application in raw milk (Xin
et al., 2017). Although the reaction time of this LAMP system
was 50 min, the dairy enterprise expected a faster detection
speed. In this study, the primers were designed targeting the
P. fluorescens protease gene, and the LAMP detection system
was established and optimized. The results of the visual analysis
and electrophoresis confirmed that the primer set had high
specificity for P. fluorescens. For P. fluorescens in pure culture
and pasteurized milk, the detection limits of the LAMP assay
were 2.57 × 102 and 3 × 102 CFU/mL, respectively, which were
applicable for the detection of P. fluorescens in raw milk during
the actual production process. It was worth mentioning that,
compared with the previous study (Xin et al., 2017), the addition
of loop primers shortened the detection time to 30 min and
improved the efficiency significantly.

CONCLUSION

A LAMP assay system for rapid detection of P. fluorescens in
raw milk was established and evaluated. The optimal reaction
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conditions were 0.6 µL Bst DNA polymerase, 6.0 mmol/L
Mg2+, 0.8 mmol/L dNTPs, and 63◦C reaction temperature.
The LAMP detection system had strong specificity and low
detection limit. Compared with the existing detection methods,
the detection process of this LAMP assay could be completed in
30 min, which was significant in strengthening the quality control
of dairy products.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

YB and WQ conducted the experiments. YB wrote the
manuscript. ZZ, TL, and PG supervised the experiments. LZ, YH,
and HY revised the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was financially supported by the National
Key R&D Program of China (Nos. 2018YFC1604305 and
2018YFC1604302) and the National Natural Science Foundation
of China (No. 31571850).

REFERENCES
Alves, M. P., Salgado, R. L., Eller, M. R., Vidigal, P. M. P., and Carvalho, A. F. (2016).

Characterization of a heat-resistant extracellular protease from Pseudomonas
fluorescens 07A shows that low temperature treatments are more effective in
deactivating its proteolytic activity. J. Dairy Sci. 99, 7842–7851. doi: 10.3168/
jds.2016-11236

Baglinière, F., Matéos, A., Tanguy, G., Jardin, J., Briard-Bion, V., Rousseau, F., et al.
(2013). Proteolysis of ultra high temperature-treated casein micelles by AprX
enzyme from Pseudomonas fluorescens F induces their destabilisation. Int. Dairy
J. 31, 55–61. doi: 10.1016/j.idairyj.2013.02.011

Barbano, D. M., Ma, Y., and Santos, M. V. (2006). Influence of raw milk quality on
fluid milk shelf life. J. Dairy Sci. 89, E15–E19. doi: 10.3168/jds.S0022-0302(06)
72360-8

Duarte-Guevara, P., Duarte-Guevara, C., Ornob, A., and Bashir, R. (2016). On-chip
PMA labeling of foodborne pathogenic bacteria for viable qPCR and qLAMP
detection. Microfluid Nanofluid 20:114. doi: 10.1007/s10404-016-1778-2

Hashimoto, K., Nakamura, N., and Ito, K. (2016). Rapid, highly sensitive and highly
specific gene detection by combining enzymatic amplification and DNA chip
detection simultaneously. Sen. Biosen. Res. 8, 27–30. doi: 10.1016/j.sbsr.2016.
03.004

Hsieh, K., Mage, P. L., Csordas, A. T., Eisenstein, M., and Soh, H. T.
(2014). Simultaneous elimination of carryover contamination and detection
of DNA with uracil-DNA-glycosylase-supplemented loop-mediated isothermal
amplification (UDG-LAMP). Chem. Commun. 50, 3747–3749. doi: 10.1039/
c4cc00540f

Kim, M. J., Shin, S. W., Kim, H. B., Kim, E., and Kim, H. Y. (2021). Direct loop-
mediated isothermal amplification (LAMP) assay for rapid on-site detection
of Bifidobacterium longum subspecies longum, infantis, and suis in probiotic
products. Food Chem. 346:128887. doi: 10.1016/j.foodchem.2020.128887

Liu, M., Wang, H., and Griffiths, M. W. (2007). Regulation of alkaline
metalloprotease promoter by N-acyl homoserine lactone quorum sensing in
Pseudomonas fluorescens. J. Appl. Microbiol. 103, 2174–2184. doi: 10.1111/j.
1365-2672.2007.03488.x

Liu, R., Zhang, Y., Ali, S., Haruna, S. A., He, P., Li, H., et al. (2021). Development
of a fluorescence aptasensor for rapid and sensitive detection of Listeria
monocytogenes in food. Food Control. 122:107808. doi: 10.1016/j.foodcont.2020.
107808

Madrid, R., García-García, A., Cabrera, P., González, I., Martín, R., and García, T.
(2021). Survey of commercial food products for detection of walnut (Juglans
regia) by two ELISA methods and real time PCR. Foods. 10:440. doi: 10.3390/
foods10020440

Maier, C., Hofmann, K., Huptas, C., Scherer, S., Wenning, M., and Lücking,
G. (2021). Simultaneous quantification of the most common and proteolytic
Pseudomonas species in raw milk by multiplex qPCR. Appl. Microbiol.
Biotechnol. 105, 1693–1708. doi: 10.1007/s00253-021-11109-0

Martin, N. H., Boor, K. J., and Wiedmann, M. (2018). Symposium review: effect
of post-pasteurization contamination on fluid milk quality. J. Dairy Sci. 101,
861–870. doi: 10.3168/jds.2017-13339

Matéos, A., Guyard-Nicodème, M., Baglinière, F., Jardin, J., Gaucheron, F., Dary,
A., et al. (2015). Proteolysis of milk proteins by AprX, an extracellular protease
identified in Pseudomonas LBSA1 isolated from bulk raw milk, and implications
for the stability of UHT milk. Int. Dairy J. 49, 78–88. doi: 10.1016/j.idairyj.2015.
04.008

Mori, Y., Kanda, H., and Notomi, T. (2013). Loop-mediated isothermal
amplification (LAMP): recent progress in research and development. J. Infect.
Chemother. 19, 404–411. doi: 10.1007/s10156-013-0590-0

Nagamine, K., Hase, T., and Notomi, T. J. M. C. P. (2002). Accelerated reaction by
loop-mediated isothermal amplification using loop primers. Mol. Cell. Probes
16, 223–229. doi: 10.1006/mcpr.2002.0415

Nagaraj, S., Ramlal, S., Kingston, J., and Batra, H. V. (2016). Development of IgY
based sandwich ELISA for the detection of staphylococcal enterotoxin G (SEG),
an egc toxin. Int. J. Food Microbiol. 237, 136–141. doi: 10.1016/j.ijfoodmicro.
2016.08.009

Neubeck, M. V., Baur, C., Krewinkel, M., Stoeckel, M., Kranz, B., Stressler, T., et al.
(2015). Biodiversity of refrigerated raw milk microbiota and their enzymatic
spoilage potential. Int. J. Food Microbiol. 211, 57–65. doi: 10.1016/j.ijfoodmicro.
2015.07.001

Niessen, L., Luo, J., Denschlag, C., and Vogel, R. F. (2013). The application of
loop-mediated isothermal amplification (LAMP) in food testing for bacterial
pathogens and fungal contaminants. Food Microbiol. 36, 191–206. doi: 10.1016/
j.fm.2013.04.017

Notomi, T., Mori, Y., Tomita, N., and Kanda, H. (2015). Loop-mediated isothermal
amplification (LAMP): principle, features, and future prospects. J. Microbiol. 53,
1–5. doi: 10.1007/s12275-015-4656-9

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N.,
et al. (2000). Loop-mediated isothermal amplification of DNA. Nucleic Acids
Res. 28:e63. doi: 10.1093/nar/28.12.e63

Shao, Y., Zhu, S., Jin, C., and Chen, F. (2011). Development of multiplex loop-
mediated isothermal amplification-RFLP (mLAMP-RFLP) to detect Salmonella
spp. and Shigella spp. in milk. Int. J. Food Microbiol. 148, 75–79. doi: 10.1016/j.
ijfoodmicro.2011.05.004

Spielmann, G., Ziegler, S., Haszprunar, G., Busch, U., Huber, I., and Pavlovic,
M. (2019). Using loop-mediated isothermal amplification for fast species
delimitation in eels (genus Anguilla), with special reference to the European eel
(Anguilla anguilla). Food Control 101, 156–162. doi: 10.1016/j.foodcont.2019.
02.022

Stoeckel, M., Lidolt, M., Achberger, V., Glück, C., Krewinkel, M., Stressler, T., et al.
(2016). Growth of Pseudomonas weihenstephanensis. Pseudomonas proteolytica
and Pseudomonas sp. in raw milk: impact of residual heat-stable enzyme activity
on stability of UHT milk during shelf-life. Int. Dairy J. 59, 20–28. doi: 10.1016/
j.idairyj.2016.02.045

Sun, M., Gao, H., Xiao, X., Chen, J., Liu, C., and Feng, L. (2015). A novel loop-
mediated isothermal amplification method for detection of the carrot materials
in foods. Eur. Food Res. Technol. 241, 295–302. doi: 10.1007/s00217-015-2
459-1

Vithanage, N. R., Dissanayake, M., Bolge, G., Palombo, E. A., Yeager, T. R., and
Datta, N. (2016). Biodiversity of culturable psychrotrophic microbiota in raw

Frontiers in Microbiology | www.frontiersin.org 6 January 2022 | Volume 12 | Article 81051112

https://doi.org/10.3168/jds.2016-11236
https://doi.org/10.3168/jds.2016-11236
https://doi.org/10.1016/j.idairyj.2013.02.011
https://doi.org/10.3168/jds.S0022-0302(06)72360-8
https://doi.org/10.3168/jds.S0022-0302(06)72360-8
https://doi.org/10.1007/s10404-016-1778-2
https://doi.org/10.1016/j.sbsr.2016.03.004
https://doi.org/10.1016/j.sbsr.2016.03.004
https://doi.org/10.1039/c4cc00540f
https://doi.org/10.1039/c4cc00540f
https://doi.org/10.1016/j.foodchem.2020.128887
https://doi.org/10.1111/j.1365-2672.2007.03488.x
https://doi.org/10.1111/j.1365-2672.2007.03488.x
https://doi.org/10.1016/j.foodcont.2020.107808
https://doi.org/10.1016/j.foodcont.2020.107808
https://doi.org/10.3390/foods10020440
https://doi.org/10.3390/foods10020440
https://doi.org/10.1007/s00253-021-11109-0
https://doi.org/10.3168/jds.2017-13339
https://doi.org/10.1016/j.idairyj.2015.04.008
https://doi.org/10.1016/j.idairyj.2015.04.008
https://doi.org/10.1007/s10156-013-0590-0
https://doi.org/10.1006/mcpr.2002.0415
https://doi.org/10.1016/j.ijfoodmicro.2016.08.009
https://doi.org/10.1016/j.ijfoodmicro.2016.08.009
https://doi.org/10.1016/j.ijfoodmicro.2015.07.001
https://doi.org/10.1016/j.ijfoodmicro.2015.07.001
https://doi.org/10.1016/j.fm.2013.04.017
https://doi.org/10.1016/j.fm.2013.04.017
https://doi.org/10.1007/s12275-015-4656-9
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1016/j.ijfoodmicro.2011.05.004
https://doi.org/10.1016/j.ijfoodmicro.2011.05.004
https://doi.org/10.1016/j.foodcont.2019.02.022
https://doi.org/10.1016/j.foodcont.2019.02.022
https://doi.org/10.1016/j.idairyj.2016.02.045
https://doi.org/10.1016/j.idairyj.2016.02.045
https://doi.org/10.1007/s00217-015-2459-1
https://doi.org/10.1007/s00217-015-2459-1
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-810511 December 30, 2021 Time: 16:21 # 7

Bu et al. LAMP Assay for Rapid Detection

milk attributable to refrigeration conditions, seasonality and their spoilage
potential. Int. Dairy J. 57, 80–90. doi: 10.1016/j.idairyj.2016.02.042

Wang, D., Huo, G., Ren, D., and Li, Y. (2010). Development and evaluation of a
loop-mediated isothermal amplification (LAMP) method for detecting Listeria
monocytogenes in raw milk. J. Food Saf. 30, 251–262.

Wang, L., Shi, L., Su, J., Ye, Y., and Zhong, Q. (2013). Detection of Vibrio
parahaemolyticus in food samples using in situ loop-mediated isothermal
amplification method. Gene 515, 421–425. doi: 10.1016/j.gene.2012.12.039

Wong, Y. P., Othman, S., Lau, Y. L., Radu, S., and Chee, H. Y. (2018). Loop-
mediated isothermal amplification (LAMP): a versatile technique for detection
of micro-organisms. J. Appl. Microbiol. 124, 626–643. doi: 10.1111/jam.13647

Wu, R., Liu, X., Guo, B., Chen, F., and Wang, X. (2014). Development of double
loop-mediated isothermal amplification to detect Listeria monocytogenes in
food. Curr. Microbiol. 69, 839–845. doi: 10.1007/s00284-014-0661-1

Xin, L., Zhang, L., Meng, Z., Lin, K., Zhang, S., Han, X., et al. (2017). Development
of a novel loop-mediated isothermal amplification assay for the detection of
lipolytic Pseudomonas fluorescens in raw cow milk from North China. J. Dairy
Sci. 100, 7802–7811. doi: 10.3168/jds.2017-12740

Zhang, C., Bijl, E., Muis, K. E., and Hettinga, K. (2020). Stability of fat globules
in UHT milk during proteolysis by the AprX protease from Pseudomonas

fluorescens and by plasmin. J. Dairy Sci. 103, 179–190. doi: 10.3168/jds.2019-
17150

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bu, Qiao, Zhai, Liu, Gong, Zhang, Hao and Yi. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 7 January 2022 | Volume 12 | Article 81051113

https://doi.org/10.1016/j.idairyj.2016.02.042
https://doi.org/10.1016/j.gene.2012.12.039
https://doi.org/10.1111/jam.13647
https://doi.org/10.1007/s00284-014-0661-1
https://doi.org/10.3168/jds.2017-12740
https://doi.org/10.3168/jds.2019-17150
https://doi.org/10.3168/jds.2019-17150
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-833743 January 31, 2022 Time: 14:31 # 1

ORIGINAL RESEARCH
published: 04 February 2022

doi: 10.3389/fmicb.2021.833743

Edited by:
Qingli Dong,

University of Shanghai for Science
and Technology, China

Reviewed by:
Ivanhoe Leung,

The University of Melbourne, Australia
Likou Zou,

Sichuan Agricultural University, China

*Correspondence:
Hua Yang

yanghua@zaas.ac.cn
Wen Wang

ww_hi1018@163.com

Specialty section:
This article was submitted to

Food Microbiology,
a section of the journal

Frontiers in Microbiology

Received: 12 December 2021
Accepted: 28 December 2021
Published: 04 February 2022

Citation:
Xiao X, Bai L, Wang S, Liu L,

Qu X, Zhang J, Xiao Y, Tang B, Li Y,
Yang H and Wang W (2022) Chlorine

Tolerance and Cross-Resistance
to Antibiotics in Poultry-Associated

Salmonella Isolates in China.
Front. Microbiol. 12:833743.

doi: 10.3389/fmicb.2021.833743

Chlorine Tolerance and
Cross-Resistance to Antibiotics in
Poultry-Associated Salmonella
Isolates in China
Xingning Xiao1, Li Bai2, Sheng Wang1,3, Lisha Liu2, Xiaoyun Qu4, Jianmin Zhang4,
Yingping Xiao1, Biao Tang1, Yanbin Li5, Hua Yang1* and Wen Wang1*

1 State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products, Ministry of
Agriculture (MOA) Laboratory of Quality and Safety Risk Assessment for Agro-Products (Hangzhou), Institute
of Agro-Product Safety and Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou, China, 2 Key Laboratory
of Food Safety Risk Assessment, National Health Commission of the People’s Republic of China, China National Center
for Food Safety Risk Assessment, Beijing, China, 3 College of Food and Pharmaceutical Sciences, Ningbo University,
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Chlorine disinfectants have been widely used in the poultry supply chain but this
exposure can also result in the development of bacterial tolerance to chlorine and
this is often linked to antibiotic cross-resistance. The objectives of this study were to
investigate sodium hypochlorite (NaClO) tolerance of Salmonella isolated from poultry
supply chains and evaluate cross-resistance. We collected 172 Salmonella isolates
from poultry farms, slaughter houses and retail markets in China during 2019–2020.
We found that S. Enteritidis, S. Kentucky, and S. Typhimurium constituted > 80%
of our Salmonella isolates. Overall, 68% of Salmonella isolates were resistant to > 3
antibiotics and S. Kentucky displayed a significantly (p > 0.05) higher frequency (93.2%)
of multidrug resistance than the other serovars. Tolerance to chlorine at MIC > 256 mg/L
was detected in 93.6% of isolates (161/172) and tolerant isolates displayed higher
decimal reduction times (D value) and less ultrastructural damage than did the
suspectable strains under chlorine stress. Spearman analysis indicated significant
positive correlations between chlorine tolerance (evaluated by the OD method) and
antibiotic resistance (p < 0.05) to ceftiofur, tetracycline, ciprofloxacin and florfenicol and
this was most likely due to efflux pump over-expression. The most frequently detected
chlorine resistance gene was qacE11 (83.1%, n = 143) and we found a positive
correlation between its presence and MIC levels (r = 0.66, p < 0.0001). Besides, we
found weak correlations between chlorine-tolerance and antibiotic resistance genes.
Our study indicated that chlorine disinfectants most likely played an important role in
the emergence of chlorine tolerance and spread of antibiotic resistance and therefore
does not completely control the risk of food-borne disease. The issue of disinfectant
resistance should be examined in more detail at the level of the poultry production chain.

Keywords: poultry, bacterial resistance, sodium hypochlorite (NaClO), qacE11, efflux pump
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INTRODUCTION

Salmonella is a frequent cause of gastroenteritis in humans
and is an important public health concern worldwide and in
China causes 9.87 M gastroenteritis cases annually (Xiao et al.,
2019; Yang et al., 2020a). More than 2600 Salmonella enterica
serovars have been identified and S. Enteritidis, S. Typhimurium,
S. Kentucky, and S. Indiana are the most frequent causes of
human salmonellosis in China (Andoh et al., 2016; Elnekave
et al., 2018; Zeng et al., 2021). Poultry products are the most
common vehicles for Salmonella transmission and a recent study
in China found that 37.5% of poultry samples were contaminated
with Salmonella (Yang et al., 2020b). Contamination sources
include the animals when introduced into the poultry house
environment and direct or cross-contamination between poultry
carcasses. All these events can result in foodborne salmonellosis
when improperly cooked or handled products are consumed
(Xiao et al., 2019).

Chlorine disinfection is one of the most common disinfection
technologies for controlling the risks of microorganisms in
industrial processing (Jia et al., 2020). In this process, bacteria
can survive and even reproduce in residual chlorine and
are designated chlorine tolerant (Langsrud et al., 2003; Luo
et al., 2020). In particular, Salmonella possesses a high level
of regeneration capacity in reclaimed water after chlorine
disinfection (Li et al., 2013). Recent studies have focused on
chlorine tolerance of bacteria in water while few studies addressed
contamination on the processed poultry products (Roy and
Ghosh, 2017; Bhojani et al., 2018; Wang et al., 2019; Luo et al.,
2020). In China, 50–100 mg/L of sodium hypochlorite (NaClO)
is commonly used in poultry processing and environmental
disinfection while the inactivation of Salmonella was limited (< 1
Log) and could be due to chlorine tolerance (Jun et al., 2013; Lee
et al., 2014; Xiao et al., 2019).

Current studies have also demonstrated that long-term
antibiotic usage during animal breeding has led to a marked
increase in the levels of antibiotic resistance (Zeng et al.,
2021). Antibiotic susceptibility testing of the 318 poultry-
associated Salmonella revealed that only 5 (1.6%) were
susceptible to all 22 tested antibiotics, while 191 (60.1%)
exhibited multidrug resistance. Poultry frequently harbor
antibiotic-resistant Salmonella isolates that can be transmitted
to humans via the food chain (Yang et al., 2020a). The
emergence of quinolone, tetracycline and extended-spectrum
β-lactam-resistant Salmonella is a serious public health concern
(Mechesso et al., 2020). Cross-resistance between disinfectants
and antibiotics is also becoming widespread for bacterial
pathogens (Carey and McNamara, 2015; Puangseree et al.,
2021). For example, a higher level of chlorine tolerance in
antibiotic-resistant Escherichia coli (E. coli) was found when
compared to antibiotic-susceptible strains (Templeton et al.,
2013). Bacterial exposure to chlorine increases the expression
of efflux pumps and activates qac genes that also export
chloramphenicols, sulfonamide and β-lactams (Karumathil
et al., 2014). However, chlorine tolerance and cross-resistance of
Salmonella that are present in the poultry supply chain have not
been fully investigated.

The focus of the current study was to investigate (i) chlorine
tolerance and antibiotic resistance in Salmonella spp. isolated
from poultry supply chains and (ii) to determine the level of
cross-resistance in these isolates. This study examined on a broad
scale the important role played by chlorine disinfectants as a
non-antibiotic selective pressure for the emergence and spread
of antibiotic resistance.

MATERIALS AND METHODS

Salmonella Isolates and Serovar
Identification
We isolated 172 Salmonella spp. from poultry supply chains
as follows: poultry farms (n = 10), slaughter houses (n = 102)
and retail markets (n = 60) in Guangzhou, Shandong and
Zhejiang provinces during 2019–2020. Salmonella isolates
were subcultured and serotyped by slide agglutination using
commercial O and H antisera to distinguish Salmonella
serovars (SSI-Diagnostica, Copenhagen, Denmark; Tianrun Bio-
Pharmaceutical, Ningbo, China) in accordance with the White-
Kauffmann-Le Minor scheme (Grimont and Weill, 2007; Slotved
et al., 2016). All isolates were stored in brain heart infusion (BHI)
broth (Becton Dickinson, Franklin Lakes, NJ, United States)
containing 20% glycerol at−80◦C until use.

NaClO Tolerance Determinations
Determination of Minimum Inhibitory Concentrations
and Optical Density
The MIC values for NaClO in the Salmonella isolates were
measured using broth microdilution. The E. coli ATCC 29522
and S. Enteritidis CVCC 1806 were included as controls for
susceptibility testing. Bacterial suspensions were prepared by
suspending 3–5 individual overnight colonies from trypticase
soy (TSA) agar (Becton Dickinson) plates into 3 mL of
0.9% saline, equivalent to the turbidity of a 0.5 McFarland
standard. The 0.5 McFarland inoculum suspensions were
further diluted at 1:100 in Mueller-Hinton (MH) broth (Becton
Dickinson). NaClO stock solutions containing 56.8 mg/mL
chlorine was purchased from Sangon Biotech (Shanghai, China)
and were prepared by dilution in sterile Milli-Q water (PALL,
Buckinghamshire, United Kingdom). Chlorine concentrations
were determined using a Palintest ChlorSense meter (Gateshead,
United Kingdom). Preliminary tests indicated the MIC of S.
Enteritidis CVCC 1806 to NaClO was 256 mg/L and tolerance
to NaClO was defined as > 256 mg/L. These MIC assays for
chlorine tolerance were performed in 96-well microtiter test
plates containing 100 µL NaClO solution and were inoculated
with 100 µL of suspended bacterial cultures to a final inoculum
density of 5 Log CFU/mL per well. The plates were sealed using
a perforated plate seal and incubated at 37◦C for 24 h. The
MIC values of NaClO were recorded as the lowest concentration
of NaClO where no visible growth was observed. Control wells
containing bacteria and lacking chlorine and wells with MH
broth were used as positive and negative controls, respectively.
Each assay was repeated three times on different days. Cell growth
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in the plates was also quantified by measuring the optical density
at 600 nm (OD600) (Bernardez and de Andrade Lima, 2015;
Yang et al., 2020a) using a Polarstar spectrophotometer (Omega,
Ortenberg, Germany).

Inactivation Kinetics
Chlorine susceptible and tolerant isolates were selected based
on the MIC and OD600 tests and then separately incubated in
BHI at 37◦C for 24 h and cultured to approximately 9 Log
CFU/mL. The initial inoculum level was 5 ± 0.2 Log CFU/mL.
Cell suspensions were treated with 100 mg/L of NaClO for 0,
30, 60, 90, and 120 min. Then the suspension was put into a
sterile centrifuge tube containing sodium thiosulfate (Na2S2O3)
to instantaneously quench the residual disinfectant and 10-
fold diluted in buffered peptone water (Becton Dickenson)
and a 50 µL portion of appropriate dilutions were plated in
duplicate onto TSA agar plates using a spiral plater (WASP
2, Don Whitley Scientific, Shipley, United Kingdom). The
plates were incubated at 37◦C for 18 h. Colonies on TSA
agar plates were enumerated by a ProtoCOL 3 automated
colony counter (Synbiosis, Cambridge, United Kingdom). The
limit of detection was one colony per 50 µL sample (1.3
Log CFU/mL). Each treatment was repeated three times on
different days and duplicate plates were used in microbial tests
for each sample.

The decimal reduction time (D value) was used as an index
to evaluate the bacterial inactivation rate vs. NaClO treatment as
previously described (Luo et al., 2020). D values were calculated
at the initial linear portion of survivor plots assuming the
logarithmic numbers of bacterial growth were a linear function
of the isothermal treatment time (Ahn et al., 2007). The log-
linear model was used to investigate the pattern of pathogen
inactivation after NaClO treatment as follows:

log Nt = log N0 −
t
D

where Nt (CFU/mL) is the bacterial population at time t (s), N0
(CFU/mL) is the initial bacterial population, and D is the decimal
reduction time (min) at a specific treatment condition.

Membrane Damage
Bacterial viability and cell properties between NaClO tolerant
and susceptible bacteria were measured using flow cytometry
(FCM) to quantify viable, dead and injured cells after treatment.
Salmonella cell suspensions (8 Log CFU/mL) were treated with
NaClO at 100 mg/L for 0, 10, and 30 min. A commercial
live/dead staining kit (BacLight, L7012, Molecular Probes,
Carlsbad, CA, United States) was used to distinguish living,
dead, and damaged states of bacteria. In brief, 1 mL of bacteria
solution was mixed with 1.5 µL SYTO 9 and 1.5 µL propidium
iodide (PI) dyes. The mixture was kept in darkness at room
temperature for 15 min. FCM tests were performed using a
Accuri C6 flow cytometer (Becton Dickinson) equipped with
lasers emitting at 488 and 640 nm. Some influences of impurities
(such as large particles) on bacterial detection were excluded
according to the difference in forward and side light scatter and

10,000 events were collected. The non-treated stained and non-
stained cells served as control samples to adjust the detectors
(Barros et al., 2021).

Cell structure damage under NaClO stress was observed
using scanning electron (SEM, Hitachi 8010, Ibaraki, Japan)
and transmission electron (TEM, Hitachi 7650, Ibaraki, Japan)
microscopy. Salmonella cell suspensions (8 Log CFU/mL) were
harvested by centrifugation following NaClO treatments (see
below) and fixed with a 2.5% glutaraldehyde (Sangon Biotech,
Shanghai, China) solution overnight at 4◦C. The cells were
centrifuged and the pellets were washed three times with 0.1 M
sodium phosphate buffer solution. Each resuspension was serially
dehydrated with 25, 50, 75, 90, and 100% ethanol, respectively,
and examined using SEM and TEM as previously described
(Tyagi and Malik, 2012).

Antibiotic Resistance Determination
Bacterial suspensions were prepared by suspending 3–5
individual colonies grown at 37◦C for 18 h on TSA into 3 mL
0.9% saline, equivalent to the turbidity of a 0.5 McFarland
standard. The 0.5 McFarland inoculum suspensions were
further diluted at 1:100 in MH. A panel of antibiotic agents
was reconstituted by adding 200 µL/well of the inoculum and
incubated at 37◦C for 18 h. The E. coli ATCC 25922 was used
as the reference strain. Antibiotic susceptibility testing was
performed using the broth microdilution method with the
commercial Gram-negative antibiotic panel (Biofosun, Fosun
Diagnostics, Shanghai, China) consisting of ampicillin (resistant,
AMP≥ 32 µg/mL), amoxicillin/clavulanate (resistant, AMC≥ 32
µg/mL), cefotaxime (resistant, CTX ≥ 4 µg/mL), meropenem
(resistant, MEM ≥ 4 µg/mL), amikacin (resistant, AMK ≥ 64
µg/mL), gentamicin (resistant, GEN ≥ 16 µg/mL), colistin
(resistant, CS ≥ 2 µg/mL), ceftiofur (resistant, CEF ≥ 8 µg/mL),
ciprofloxacin (resistant, CIP ≥ 1 µg/mL), sulfamethoxazole
(resistant, T/S ≥ 4/76 µg/mL), tetracycline (resistant, TET ≥ 16
µg/mL), tigecycline (resistant, TIG ≥ 8 µg/mL), and florfenicol
(resistant, FFC ≥ 16 µg/mL). The breakpoints for each
antibiotic agent were set by the 2019 Clinical and Laboratory
Standards Institute (CLSI) and the 2017 European Committee
on Antimicrobial Susceptibility Testing (EUCAST). Bacteria
that were susceptible to all 13 antibiotics were classified as drug-
suspectable and bacteria resistant to 1 or 2 classes of antibiotics
were termed drug resistant. Multidrug resistance was defined as
resistance to 3 or more different classes of antibiotics.

Chlorine and Antibiotic Resistance
Genes in Salmonella Isolates
DNA Extraction
DNA was extracted from pure Salmonella colonies using a
QIAamp1 Mini DNA Extraction Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.

PCR Detection of Chlorine and Antibiotic Resistance
Genes
Antibiotic resistance and chorine resistance genes were selected
based on previous studies (Hu et al., 2018, 2021; Chen et al., 2021)
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and the use of the ResFinder database.1 We screened for
the presence of -eight chlorine resistance genes (exbD, motB,
qacE, qacE11, qacF, sugE, ybhR, and yedQ) and ten antibiotic
resistance genes (blaOXA, blaCTX , blaTEM , qnrB6, qnrS7, tetG,
tetA, floR, cat86, and cmx) using PCR assays (Table 1)
as previously described (Wu et al., 2015). Amplicons were
electrophoresed in 1% gel agarose gels containing EtBr and were
visualized under UV light.

Statistical Analysis
Cross-resistance between chlorine and antibiotics was assessed
by comparing antibiotic MIC data with OD600 values growth
in the presence of NaClO (128 mg/L) using the non-parametric
Spearman correlation test in SPSS Statistics 20 software (IBM,

1https://cge.cbs.dtu.dk/services/ResFinder/gene_overview.php

Chicago, IL, United States). The Spearman coefficients ranged
from –1 to + 1 indicating no association (r = 0) to monotonic
relationships (r = –1 or + 1) (Schober et al., 2018). Significant
differences were set at p < 0.05.

RESULTS

Diversity of Salmonella Serotypes
We identified numerous Salmonella serovars from the wide
range of samples we collected. These included samples from
10 farms (1 serotype), 102 slaughter houses (8 serotypes) and
60 retail markets (7 serotypes). A total of 10 serotypes were
identified in 172 isolates and included S. Enteritidis, S. Kentucky,
S. Typhimurium, S. Indiana, S. Agona, S. Stanley, S. Thompson,
S. Derby, S. Mbandaka, and S. Montevideo. The most frequent

TABLE 1 | Frequency of chlorine tolerance and antibiotic resistance genes determined by PCR among Salmonella isolates (n = 172).

Gene Primer sequence (5′→3′) Amplicon size (bp) No. (%)

Chlorine resistance exbD CGTTAGCGACGGTAGATGTGA 230 43.6

CAACGTCTCGTAATCGACGGTT

motB GGTGATCTCGACCAGTTGATAG 363 29.7

GCCGACGACACGTAACACTT

qacE GGGCGTAGTATGGTTACTTGTTG 196 0.006

TCCAAGGCCTGACCACATGA

qacE11 GTTGGCGAAGTAATCGCAACATC 200 83.1

AGCAACCAGGCAATGGCTGTA

qacF GCGATTGCTTGTGAAGTTATTGCAAC 175 59.9

TACCCGCACCCGACCAAATG

sugE AAGTACACCGACGGCTTCACT 184 4.1

TGGATTCGCCGAACAGGATGA

ybhR GCCAACTACCTGCAACAGATC 277 20.3

GTACGGCTTTGCCGATGAAGAT

yedQ CGCACAACTCCTCATCAATGG 228 0

CAGTGACCTGTGGCTCTGT

Antibiotic resistance blaOXA GAAGCACACACTACGGGTGTT 342 0

GGTACCGATATCTGCATTGCCATA

blaCTX GCACGTCAATGGGACGATGT 326 65.1

TCGCTGCACCGGTGGTAT

blaTEM CGGATGGCATGACAGTAAGAG 324 76.7

GCAGAAGTGGTCCTGCAACT

qnrB6 CAGTGCGCTGGGCATTGAA 302 8.7

CCGAATTGGTCAGATCGCAATG

qnrS7 CAGCGACTTTCGACGTGCTA 305 37.8

CCCTCTCCATATTGGCATAGG

tetG GCTAGAGCTGTTGAACGAGGTT 181 1.7

CTCATTCTCTTCGGGTAGCGA

tetA TGTGCTCGGTGGGCTGAT 165 73.3

AACGAAGCGAGCGGGTTGA

floR GTCCGCTCTCAGACAGAATC 246 61.0

GCACGAACGCCAGAATCGA

cat86 GCTGTGTAGCCGATATTGAAAC 222 0

GTACTTGTATGGCAACGGGCAAA

cmx CATCCTGCTCGCCGTACT 232 0

CACTCTCCTGTCCATGAGGAT
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TABLE 2 | Bacterial of Salmonella spp. isolated from poultry supply chains.

Sampling location Number of isolates Serotype distribution

Farm

Anal swabs 10 10 Typhimurium

Slaughter house

Poultry carcasses 100 43 Enteritidis, 33 Kentucky, 6 Typhimurium, 6 Indiana, 2 Thompson, 1 Derby, 1 Montevideo, 1 Stanley,
7 Unidentified

Water 2 1 Enteritidis, 1 Kentucky

Retail market

Poultry carcasses 60 33 Enteritidis, 10 Kentucky, 3 Indiana, 2 Agona, 2 Typhimurium, 1 Mbandaka, 1 Stanley, 8 Unidentified

Total 172 77 Enteritidis, 44 Kentucky, 18 Typhimurium, 9 Indiana, 2 Agona, 2 Stanley, 2 Thompson, 1 Derby, 1
Mbandaka, 1 Montevideo, 15 Unidentified

Total Enteritidis Kentucky Typhimurium
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FIGURE 1 | Distribution of tolerance isolates by NaClO based on (A) MIC and
(B) OD600 values.

serovars in the poultry supply chain were S. Enteritidis (77/172,
44.8%), S. Kentucky (44/172, 25.6%) and S. Typhimurium
(18/172, 10.5%) and these accounted for > 80% of the total
serovars isolated (Table 2).

NaClO Tolerance Evaluation
Minimum Inhibitory Concentrations and OD600
Determination
Tolerance to NaClO at MIC > 256 mg/L was detected in
93.6% of our Salmonella isolates (161/172). Tolerance based
on the MIC values in the serovars S. Enteritidis, S. Kentucky
and S. Typhimurium isolates were 90.9, 95.5, and 94.4%,
respectively (Figure 1A). The average of OD600 values for

FIGURE 2 | Inactivation kinetics of S. Enteritidis CVCC 1806 and S. Enteritidis
S2002-13 exposed to concentration of NaClO at 100 mg/L for 0, 30, 60, 90,
and 120 min.

tolerance (MIC > 256 mg/L) and susceptibility were 0.44 ± 0.10
and 0.33 ± 0.09, respectively and this difference was significant
(p < 0.05). The average of OD600 values for growth in the
presence of chlorine for S. Enteritidis, S. Kentucky and S.
Typhimurium isolates were 0.42 ± 0.11, 0.48 ± 0.06, and
0.37 ± 0.11, respectively (Figure 1B). These data indicated that
S. Kentucky displayed the highest chlorine tolerance compared
with other two serotypes (p < 0.05).

Inactivation Kinetics
We more closely examined the mechanisms for choline tolerance
using two defined laboratory strains that were susceptible (S.
Enteritidis CVCC 1806) and tolerant (S. Enteritidis S2002-13).
We found that growth inhibition for these strains significantly
(p < 0.05) differed when cultured for 120 min in the presence of
NaClO resulting in 0.83 ± 0.04 (S. Enteritidis CVCC 1806) and
0.46 ± 0.02 (S. Enteritidis S2002-13) Log CFU/mL, respectively.
The data were fitted to the log-linear model and the D values
of NaClO required to inactivate 1 Log unit for S. Enteritidis
CVCC 1806 and S. Enteritidis S2002-13 were 175, and 249 min,
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FIGURE 3 | S. Enteritidis CVCC 1806 (A–C) and S. Enteritidis S2002-13 (D–F) stained with SYTO9 plus PI after treatment with 100 mg/L NaClO for 0, 10 and
30 min.

respectively (Figure 2). These data indicated that S. Enteritidis
S2002-13 displayed reduced susceptibility to NaClO.

Membrane Damage
We further assessed membrane damage to the bacteria using
the membrane-impermeable green fluorescent nucleic acid dye
SYTO9 and chlorine-treated cells had higher levels of staining
(Figures 3A,D). Exposure to NaClO for 10 min resulted in
staining of 11.6% of the susceptible S. Enteritidis CVCC 1806
and 6.9% of tolerant S. Enteritidis S2002-13 cells (Figures 3B,E).
Exposure for 30 min resulted in 68% of S. Enteritidis CVCC
1806 as positive for PI staining compared with 19.2% of S.
Enteritidis S2002-13 (Figures 3C,F). These data clearly showed
that S. Enteritidis S2002-13 was more tolerant to NaClO.

Ultrastructural analyses indicated the presence of severe
cell ruptures for S. Enteritidis CVCC 1806 following
NaClO treatment and cytoplasmic contents were displaced
(Figures 4A–D). In contrast, structural damage was less
common in S. Enteritidis S2002-13 and most cells showed
no internal rearrangements of internal cellular content
(Figures 4E–H). These data clearly demonstrated showed
that S. Enteritidis S2002-13 was more tolerant to NaClO than S.
Enteritidis CVCC 1806.

Antibiotic Resistance Phenotypes
We also assessed our population for antibiotic resistance and 155
of our Salmonella isolates (90.1%) were resistant to at least one
and 117 (68%) isolates were resistant to at least 3 antibiotics.
These results were similar to a previous study of Salmonella
isolates from poultry in China (Tang et al., 2020). A majority

of the Salmonella isolates were resistant to AMC (71.5%), AMP
(70.9%), and TET (71.5%) and the least prevalent resistance
phenotype was found for MEM (0.58%). Additionally, we found
no evidence for differences in antibiotic resistance with sampling
location. However, resistance did vary by serovar and S. Kentucky
displayed the highest prevalence of multidrug resistance (93.2%)
than the other two most common serotypes (Table 3).

Determination of Chlorine and Antibiotic
Resistance Genes
Our Salmonella isolates were also screened for the presence of
genes enabling chlorine resistance and qacE11 gene was the
most prevalent (83.1%; n = 143) and qacF (59.9%; n = 103),
exbD (43.6%; n = 75), and motB (29.7%; n = 51) were also
highly represented. We found a positive correlation between
the presence of chlorine resistance genes and higher MIC for
chlorine that were associated with possession of qacE11 (r = 0.66,
p < 0.0001) and to lesser extents qacF (r = 0.36, p < 0.0001),
exbD (r = 0.26, p < 0.0001), and motB (r = 0.19, p < 0.01). We
also found that the antibiotic resistance genes blaTEM (76.7%,
n = 132), tetA (73.3%, n = 126), blaCTX (65.1%, n = 112), and
floR (61%, n = 105) were highly represented in our isolates from
the different nodes of the poultry supply chain (Table 1).

Association Between Chlorine and
Antibiotic Resistance
We compared our Salmonella isolates based on the antibiotic
MIC values against OD600 values for NaClO (128 mg/L) using
non-parametric Spearman correlation tests to determine whether
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FIGURE 4 | SEM and TEM photomicrographs of S. Enteritidis CVCC 1806 (A–D) and S. Enteritidis S2002-13 (E–H) after treatment with 100 mg/L NaClO for
30 min. The red arrows indicate regions of bacterial cell damage.

chlorine and antibiotic resistance were correlated. We found
significant positive relationships between chlorine and ceftiofur,
tetracycline, ciprofloxacin and florfenicol resistance and was
most likely related to the over-expression of drug efflux pumps
(Table 4). Salmonella isolates with resistance to chlorine and
antibiotics were analyzed for their content of resistance genes.
In our group of 172 isolates, chlorine tolerant strains were more
likely to also be antibiotic resistant (p < 0.05) (Figure 5A). This
was especially for the qac genes that displayed a relatedness with
correlation coefficients in the range of 0.10–0.44 (Figure 5B).

DISCUSSION

Chlorine Tolerance
There is no widely accepted scientific definition of chlorine
tolerance in bacteria or for quantification of the chlorine
tolerance phenotype. Previous studies have utilized MIC,
inhibition zone, logarithmic removal rate and membrane damage
methods for determining bacterial chlorine tolerance (Jia et al.,
2020; Luo et al., 2020). The MIC method is suitable for
comparison of chlorine tolerance among isolates, but it cannot
reflect the inactivation effect of typical MIC value (Garcia and
Pelaz, 2008). Growth inhibition can be measured using 96 well
plates and chlorine potency can be judged from growth inhibition
quantified using absorbance at 600 nm (Kolarević et al., 2016).
In our study, we combined MIC and OD600 methods to evaluate
chlorine tolerance. Therefore, the disadvantage that for the MIC
method that it does not reflect inactivation effects at the same
MIC values was overcome.

The inhibition zone method is suitable for comparison of
chlorine tolerance of a large number of isolates but becomes
problematic with bacteria with differing growth rates and
test results are often inaccurate (Khan et al., 2016; Luo
et al., 2020). A previous study had isolated 87 bacterial

strains in 22 genera from drinking water and chlorine
tolerance could be differentiated at the species and genus
levels (Khan et al., 2016). Logarithmic inactivation rates
are suitable for comparison of chlorine tolerance between
studies but disinfection concentration and time have not been
standardized between studies (Zeng et al., 2020). Additionally,
the antimicrobial activity of disinfectants is routinely tested by
determination of survival curves and this procedure is labor-
intensive and time consuming (Puangseree et al., 2021).

Culture-independent flow cytometry combined with
fluorescent dyes has been used to investigate the effects of
chlorine disinfection on bacterial physiological properties
including membrane integrity and potential and respiratory
activity (Song et al., 2019). Chlorine inactivates microorganisms
by reacting and damaging cellular components including cell
walls, membranes and nucleic acids. Chlorine-susceptible and
chlorine-tolerant bacteria possess differences in the relative
percentages of fatty acids in cell walls and membranes. Chlorine
tolerance has been explained by replacement of 95.7% of
membranes lipids as saturated long-chain fatty acids that act to
limit chlorine diffusion (Chen et al., 2012).

Mechanisms of Chlorine Tolerance in
Bacteria
Chlorine disinfection induces the expression of many functional
gene families including responses to oxidative stress, DNA
repair, energy metabolism, membrane damage and efflux pumps
(Hou et al., 2019; Luo et al., 2020). The SOS response (a
conserved response to DNA damage) triggered by oxidative stress
renders bacteria chlorine resistant (Tong et al., 2021). Nutrient
limitations result in quiescence of growth and metabolism
that may subsequently lead to bacteria in the viable but non-
culturable (VBNC) state for chlorine stress adaptations (Zhu
et al., 2022). E. coli, Enterococcus and Salmonella can enter
into a VBNC state after disinfection, and Salmonella was more
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TABLE 3 | Frequency (% of total isolates) of resistance to antibiotic agents among Salmonella isolates from poultry supply chains.

Antibiotic % (No. of resistant isolates)

Sampling location Predominant serotype Total (%) (n = 172)

Farm (n = 10) Slaughter house (n = 102) Retail (n = 60) Enteritidis (n = 77) Kentucky (n = 44) Typhimurium (n = 18)

β -lactams

AMP 6 (60.0) 78 (76.5) 38 (63.3) 53 (68.8) 38 (86.4) 9 (50.0) 122 (70.9)

AMC 7 (70.0) 79 (77.5) 37 (61.7) 54 (70.1) 37 (84.1) 11 (61.1) 123 (71.5)

CTX 3 (30.0) 38 (37.3) 17 (28.3) 5 (6.5) 34 (77.3) 3 (16.7) 58 (33.7)

MEM 0 (0) 0 (0) 1 (1.7) 0 (0) 0 (0) 0 (0) 1 (0.58)

CEF 2 (20.0) 45 (44.1) 19 (31.7) 11 (14.3) 35 (79.5) 3 (16.7) 66 (38.4)

Aminoglycosides

AMK 0 (0) 29 (28.4) 8 (13.3) 3 (3.9) 28 (63.6) 0 (0) 37 (21.5)

GEN 3 (30.0) 38 (37.3) 18 (30.0) 5 (6.5) 36 (81.8) 3 (16.7) 59 (34.3)

Sulfonamides

T/S 6 (60.0) 48 (47.1) 19 (31.7) 12 (15.6) 36 (81.8) 6 (33.3) 73 (42.4)

Quinolones

CIP 5 (50.0) 46 (45.1) 20 (33.3) 5 (6.5) 40 (90.9) 6 (33.3) 71 (41.3)

Tetracyclines

TET 7 (70.0) 58 (56.9) 29 (48.3) 16 (20.8) 44 (100) 12 (66.7) 94 (54.7)

TIG 1 (10.0) 13 (12.7) 6 (10.0) 1 (1.3) 13 (29.6) 2 (11.1) 20 (11.6)

Polymyxins

CS 4 (40.0) 12 (11.8) 18 (30.0) 25 (32.5) 2 (4.5) 4 (22.2) 34 (19.8)

Chloramphenicol

FFC 6 (60.0) 47 (46.1) 22 (36.7) 6 (7.8) 38 (86.4) 8 (44.4) 75 (43.6)

DS* 1 (10.0) 10 (9.8) 6 (10.0) 11 (14.3) 0 (0) 2 (11.1) 17 (9.9)

DR** 1 (10.0) 20 (19.6) 17 (28.3) 29 (37.7) 3 (6.8) 4 (22.2) 38 (22.1)

MDR*** 8 (80.0) 72 (70.6) 37 (61.7) 37 (48.1) 41 (93.2) 12 (66.7) 117 (68.0)

*DS, bacterial susceptible to all 13 antibiotics. **DR, bacteria resistant to 1 or 2 classes of antibiotics. ***MDR, multidrug resistance was defined as resistance to three or more different classes of antibiotics.
AMP, Ampicillin; AMC, Amoxicillin/clavulanate; CTX, Cefotaxime; MEM, Meropenem; AMK, Amikacin; GEN, Gentamicin; CS, Colistin; CEF, Ceftiofur; CIP, Ciprofloxacin; T/S, Sulfamethoxazole; TET, Tetracycline; TIG,
Tigecycline; and FFC, Florfenicol.

Frontiers
in

M
icrobiology

|w
w

w
.frontiersin.org

February
2022

|Volum
e

12
|A

rticle
833743

21

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-833743 January 31, 2022 Time: 14:31 # 9

Xiao et al. Chlorine-Tolerance of Salmonella in China

TABLE 4 | Spearman correlation analysis for OD600 (NaClO) and MIC (antibiotic) measurements.

Antibiotic β -lactams (CEF) Quinolones (CIP) Tetracyclines (TET) Chloramphenicol (FFC)

Spearman correlation 0.18 0.15 0.21 0.25

p-value 0.01 0.03 0.03 0.001

CEF, Ceftiofur; CIP, Ciprofloxacin; TET, Tetracycline; and FFC, Florfenicol. Significant differences, p < 0.05.

FIGURE 5 | Correlations of bacterial NaClO and antibiotic l resistance genes based on (A) correlation coefficient and (B) frequency of resistance gene detection.

resistant to chlorine in reclaimed water (Li et al., 2013). In
addition, membrane permeability is a primary barrier to uptake
of foreign or extracellular DNA and NaClO exposure alters the
expression of cell membrane-related genes and especially those
regulating cell membrane permeability as has been demonstrated
in Pseudomonas spp. (Tong et al., 2021). The upregulation of
efflux genes also contributes to the persistence of chlorine-treated
cells (Hou et al., 2019). In our current study, qacE11 was tightly
linked to elevated MIC for NaClO. Previous studies had reported
that the qacE11 gene was the most frequently present in E. coli
(69.70%), followed by K. pneumoniae (50.00%) and Salmonella
(39.62%), respectively. The qacE11 gene is common in enteric
bacteria and encodes an efflux pump conferring resistance to
chlorine disinfectants via an electrochemical proton gradient
(Wu et al., 2015). The gene is also frequently associated with
mobile genetic elements such as class I integrons resulting in
co-selection of antibiotic resistance genes (Hu et al., 2018).

Cross-Resistance Between Chlorine
Disinfectants and Antibiotics
Cross-resistance between chlorine and antibiotics has become
a particular concern due to the possible contribution to
the persistence of antibiotic resistance despite antibiotic
withdrawn (Liao et al., 2020). In this study, exposure to
chlorine resulted in cross-resistance to ceftiofur, tetracycline,
ciprofloxacin, and florfenicol. Expression of multidrug
efflux pumps is a major mechanism mediating such cross-
resistance (Hou et al., 2019; Jin et al., 2020; Puangseree
et al., 2021). The over-expression of the drug efflux pump

MexEF-OprN in Pseudomonas aeruginosa following chlorine
exposure promoted resistance to diverse antibiotics including
tetracyclines, fluoroquinolones, β-lactams, chloramphenicol,
macrolides, novobiocin, trimethoprim, and sulfonamides
(Lister et al., 2009). This directly linked increased antibiotic
resistance to chlorine exposure. Similarly, pretreatment of S.
Enteritidis with chlorine, sodium nitrite, sodium benzoate
or acetic acid induced the over-expression of the marRAB
operon, a global antibiotic resistance regulator involved in the
production of AcrAB efflux pumps that extrude antibiotics
(Potenski et al., 2003). The development of VBNC bacteria
via chlorination increases their resistance to antibiotics
(Lin et al., 2017). Chlorine-tolerant injured bacteria that
are physiologically competent cells present higher plasmid
transformation frequencies than the corresponding untreated
bacteria. Since the transferable plasmids released from killed
sensitive antibiotic resistant bacteria have a consistent resistance
to degradation through disinfection, the chlorination process
can promote the horizontal transfer of the released plasmid
into chlorine-injured bacteria through natural transformation.
This leads to the enrichment of antibiotic resistance genes
in viable bacteria (Jin et al., 2020). Therefore, using chlorine
disinfectant could provide selection pressure for strains that
acquire antibiotic resistance.

CONCLUSION

Salmonella spp. from poultry supply chains and possessed
tolerance to NaClO at MIC > 256 mg/L in > 90% of the
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172 isolates. These tolerant strains displayed higher D values
and a more integrated cellular shape. The presence of NaClO
tolerance genes and the MIC for NaClO were positively correlated
especially for qacE11 (r = 0.66, p < 0.0001). Significant
positive relationships existed between NaClO and the antibiotics
ceftiofur, tetracycline, ciprofloxacin, and florfenicol indicating
that chlorine-tolerant bacteria were more likely to also be
antibiotic resistant. The generated data could provide parts of
the input data for microbial risk assessment of Salmonella with
different chlorine tolerance profile to capture the variability in the
strains of interest while decreasing the uncertainty in some model
input parameters.
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In this study, we investigated the species composition and diversity of psychrotrophic
bacteria in raw milk from Heilongjiang, Inner Mongolia, Gansu, Henan, Anhui, Jiangsu,
Chongqing, and Hunan provinces in China using traditional cultivation and PacBio
Single Molecule Real-Time sequencing methods. The isolated psychrotrophic bacteria
were highly diverse, which composed of 21 genera and 59 species. Pseudomonas
accounted for 58.9% of the total genera while Stenotrophomonas and Enterococcus
were also highly represented (above 5.0%). In particular, P. azotoformans occurred at
a level of 16.9% and P. paralactis, P. lactis, E. faecalis, and P. marginalis were present
in relatively high proportions (above 4.0%). Regional differences were found significantly
among the test regions except samples from Heilongjiang and Inner Mongolia were
similar. Additionally, differences were observed between days in Henan, Anhui, and
Jiangsu samples. Therefore, control strategies must be implemented on regional and
season basis.

Keywords: milk, PacBio single molecule real-time sequencing, psychrophilic bacteria, community structures,
regional

INTRODUCTION

Milk is an indispensable food for humans and its high nutrient content plays a key role in
maintaining health especially for the elderly and children. The quality and safety of dairy products
is deeply trusted by consumers (America Department of Health and Human Services, 2019) and
the high level of safety procedures in the dairy industry have all but eliminated any physical and
chemical dangers of milk consumption (Wang et al., 2018; Du et al., 2019). In contrast, milk
contamination by microorganisms is still a constant threat and raw milk may be exposed to
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microorganisms during milking, storage, transportation, and
processing. This risk is offset by the use of rapid cooling
equipment and cold chain systems in the dairy industry. The
temperature of the raw milk after extrusion is rapidly reduced to
<6◦C and kept at this level during storage and transportation.
Interestingly, the presence of psychrotrophic bacteria can result
in contamination of the milk even at these storage temperatures
(Ahmed et al., 2014; Fusco and Quero, 2014; Hahne et al., 2019;
Du et al., 2020).

Psychrophilic bacteria are widely distributed in the
environment and can contaminate cow udders, milking
equipment and storage tanks. Cold storage conditions provide
ideal conditions for their growth (Yuan et al., 2019). These
organisms also secrete heat-resistant proteases and lipases that
can significantly alter the quality of dairy products. For example,
lipid hydrolysis by contaminating lipases can lead to rancidity
while released proteases hydrolyze casein and produces peculiar
smells and cause aging and gelation thereby shortening the
shelf life (Xin et al., 2017; Meng et al., 2018; Yang et al., 2020;
Bu et al., 2022).

The primary species of psychrotrophic bacteria in raw
milk have been identified in the genera Pseudomonas,
Chromobacterium, Clostridium, Lactobacillus, Alcaligenes,
Flarobacterium, Micrococcus, Corynebacterium, Streptococcus,
and Enterobacterium (Wang et al., 2018). This diversity
was further cataloged in raw milk samples from Heilongjiang
Province in Northern China and psychrophilic milk bacteria were
primarily found for the genera Chryseobacterium, Pseudomonas,
Staphylococcus, Acinetobacter, Clostridium, Flavobacterium,
Lactococcus, Kocuria, Bacillus, Serratia, Sphingobacterium,
and Aerococcus (Yang et al., 2020). However, the diversity of
psychrotrophic bacteria in raw milk for different regions of
China was not clear. Therefore, this study was focused on the
identification of psychrophilic bacterial community structures in
raw milk from different regions of China through a combination
of traditional culture and PacBio single-molecule real-time
sequencing. We also examined whether regional differences in
the community structure of psychrophiles were present. These
results provide suggestions for the prevention and control of
psychrotrophic bacteria in raw milk.

MATERIALS AND METHODS

Sampling
From December 2018 to 2020, eight farms were selected
from eight regions in China for raw milk collection. The
regions included Hunan, Henan, Heilongjiang, Chongqing, Inner
Mongolia, Gansu, Anhui, and Jiangsu. At each ranch, one batch
of samples was collected every day for 3 consecutive days except
for Henan when sample collection was 4 consecutive days. The
milk was immediately placed in 200 mL sterile bottles and
refrigeration at 4◦C for pending analysis.

Psychrophilic Bacterial Culture
Psychrophiles were cultured using 25 mL raw milk that was
diluted 10 times and 200 µL of three suitable dilutions were

TABLE 1 | Primer sequences used in the study.

Gene Primers (5′ to 3′) Reference

16S rRNA AGAGTTTGATCCTGGCTCAG Scarpellini et al., 2004

CTACGGCTACCTTGTTACGA

spread on Psychrophilic bacterial selective agar plates (Qingdao
Hope Bio-Technology Co., Ltd., Qingdao, China). The plates
were incubated at 6.5◦C incubator for 10 d according to
IDF method (IDF 101:2005) (International Dairy Federation,
2005). Single colonies were then streak-purified until pure
cultures were obtained. Randomly selected colonies were used for
identification in triplicate.

Sequence Analysis of Bacterial Colonies
DNA was extracted from individual bacterial colonies on agar
plates and directly lysed in PCR tubes containing 50 µL lysis
buffer (Takara Biomedical Technology, Beijing, China) that was
heated at 80◦C for 15 min. Bacterial species were identified
by PCR using 16S rRNA universal primers (Table 1). The
PCR reactions were carried out using Emerald Amp Max PCR
Master Mix (Takara Biomedical Technology, Beijing, China)
using 2 µL DNA template and other conditions as specified by
the manufacturer. The PCR amplification program for 16S rRNA
was as follows: 94◦C 4 min, 30 cycles of 94◦C for 30 s, 57◦C for
30 s and 72◦C for 90 s and a final step of 72◦C for 10 min.

Amplicons were electrophoresed through 1.5% agarose gels
to determine whether a target band was present. The PCR
products of 16S rRNA amplification were purified and sequenced
by a commercial company [BGI Tech Solutions (Beijing Liuhe),
Beijing, China].

Direct Sequence Analysis of Milk
Samples
Milk samples (10 mL each) were centrifuged at 14,000 × g
for 5 min and the precipitate was used for DNA extraction
using the PowerSoil DNA Isolation kit (Mobio, Carlsbad, CA,
United States) according to the manufacturer’s instructions.
Extracted DNA was amplified using the following PCR cycling
program: 95◦C 5 min, followed by 30 cycles of 95◦C 30 s,
50◦C 30 s, 72◦C 90 s and a final extension at 72◦C for
7 min. The PCR primers (5′- 3′) specific for the 16S
rDNA were 27F (GAGAGTTTGATCCTGGCTCAG) and 1492R
(AAGGAGGTGATCCAGCCGCA) (Wang et al., 2018). The
amplified products were purified using MagicPure Size Selection
DNA Beads (TransGen Biotech, Beijing, China). Electrophoresis
results were quantified using Image J software1 and a Sequel II kit
(PacBio, Menlo Park, CA, United States) was used for sequence
analysis following the instructions of the manufacturer.

Statistical Analyses
The raw data reads were corrected to obtain the CCS (Circular
Consensus Sequencing) sequence using SMRT Link (version 8.0)
and lima (v1.7.0) software to identify the CCS sequence through

1https://imagej.nih.gov/ij/download.html
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TABLE 2 | Identification and distribution of psychrotrophic bacteria isolated from raw milk samples collected from different regions in China.

Genus (Total No.) Species (No.) Genus (Total No.) Species (No.)

Pseudomonas(146) Azotoformans (42) Chryseobacterium (12) hominis(8)

Paralactis (19) lactis(2)

lactis(13) cucumeris(1)

marginalis(10) haifense(1)

helmanticensis(9) Serratia(9) marcescens(7)

hibiscicola(8) surfactantfaciens(2)

gessardii(7) Bacillus(8) galactosidilyticus(6)

oryzihabitans(5) licheniformis(1)

mucidolens(4) kochii(1)

lundensis(3) Moraxella(8) osloensis(8)

fluorescens(3) Lactococcus(5) raffinolactis(2)

reinekei(3) lactis(2)

koreensis(3) garvieae(1)

canadensis(3) Rothia(5) endophytica(5)

lurida(3) Comamonas(3) testosteroni(3)

weihenstephanensis(2) Citrobacter(3) freundii(3)

rhodesiae(1) Staphylococcus(3) xylosus(2)

synxantha(1) gallinarum(1)

kilonensis(1) Macrococcus(3) goetzii(2)

coleopterorum(1) caseolyticus(1)

poae(1) Acinetobacter(2) baumannii(2)

fildesensis(1) Enterobacter(1) bugandensis(1)

tolaasii(1) Psychrobacter(1) faecalis(1)

baetica(1) Sporosarcina(1) luteola(1)

orientalis(1) Streptococcus(1) suis(1)

Stenotrophomonas(18) maltophilia(9) Kocuria (1) arsenatis(1)

pavanii(6) Galactobacter(1) valiniphilus(1)

rhizophila(3) Pantoea(1) agglomerans(1)

Enterococcus(16) faecalis(12)

pseudoavium(3)

hirae(1)

FIGURE 1 | Alpha analysis metrics for microbiota present in milk samples collected in eight locations for this study. A. Heilongjiang, B. Inner Mongolia, C. Gansu, D.
Henan, E. Anhui, F. Jiangsu, G. Chongqing, and H. Hunan. *Significant difference.
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FIGURE 2 | Relative OTU abundance at the (A) genus and (B) species levels from raw milk samples used for this study. A. Heilongjiang, B. Inner Mongolia, C.
Gansu, D. Henan, E. Anhui, F. Jiangsu, G. Chongqing, and H. Hunan.

the barcode sequence. Chimeras were removed using UCHIME
version 8.1 to obtain the final high-quality CCS sequences
(Edgar et al., 2011). The composition of psychrotrophic bacterial
microbiota was investigated by submitting the psychrotrophic
bacteria database to the raw milk microbiota database. Using
the sequence similarity relationship between valid data, different

data clusters were grouped in operational taxonomic units (OTU)
at a 97% level and annotated based on OTU abundance and
sequence information (Dixon, 2003). The relative abundance
map of microbial community composition was carried out in
R ggplot2 (version 2.2.1) (Wickham, 2016), the diversity index
was calculated using https://view.qiime2.org, and the principal
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FIGURE 3 | Principal coordinates analysis (PCoA) plot of raw milk samples used in this study. A. Heilongjiang, B. Inner Mongolia, C. Gansu, D. Henan, E. Anhui, F.
Jiangsu, G. Chongqing, and H. Hunan.

coordinate analysis (PCoA) was generated in the R project Vegan
package version 2.5.3 (Dixon, 2003), Heat map, Venny, and linear
discriminant analysis were generated using the online software at
https://www.genescloud.cn.

RESULTS

Identification of Cultivable Psychrophilic
Bacteria in the Sample
In the current study we examined 248 different psychrophilic
bacterial colonies that were isolated from 25 raw milk samples,
which identified as 59 species in 21 genera. The dominant
genus was Pseudomonas (58.9%) with Stenotrophomonas (7.3%),
Enterococcus (6.5%), Chryseobacterium (4.8%), and Serratia
(3.6%) as secondary dominants. P. azotoformans accounted for
16.9% of the total species followed by P. paralactis (7.7%), P. lactis
(5.2%), E. faecalis (4.8%), and P. marginalis (4.0%) (Table 2).

Community Structure Analysis
Single-molecule real-time sequencing was used to determine
the identities of microorganisms in the raw milk samples. The
richness, uniformity and coverage of the sample sequencing
were sufficient to predict the diversity within each sample.
Interestingly, the samples from Heilongjiang possessed
significantly lower Chao 1 species richness scores than samples
from the other regions. However, the Simpson and Pielou

evenness indices were not significantly different (Figure 1).
These data indicated that the microbial diversity between the
sampling locations was similar.

Milk samples were also used to culture psychrotrophic
bacteria that were then identified using 16S rDNA sequencing
from pure cultures. We then combined this data with the
single-molecule sequencing data to analyze the diversity of
psychrotrophic bacteria in raw milk. The most abundant genera
in our samples were Enterococcus, Kaistella, Commonas,
Pseudomonas, Sporosarcina, Epilithonimonas, Rothia,
Stenotrophomonas, Cytobacillus, Chryseobacterium, Macrococcus,
Streptococcus, Lactococcus, Enterobacter, Bacillus, Serratia,
Acinetobacter, Moraxella, Psychrobacter, and Staphylococcus. In
particular, Sporosarcina was the most abundant psychrophilic
genus (23.8%) in raw milk in Heilongjiang. Comamonas was
the most abundant (18.8%) in samples from Hunan and
Pseudomonas (20.6%) from Anhui. Overall, Pseudomonas
accounted for 9.0, 3.1, 7.4, 11.4, 20.6, 11.9, 6.3, and 5.7% from
Heilongjiang, Inner Mongolia, Gansu, Henan, Jiangsu, Hunan,
and Chongqing, respectively (Figure 2A).

The most abundant species were Chryseobacterium haifense,
Comamonas testosteroni, Sporosarcina luteola, Enterococcus
faecalis, Epilithonimonas hominis, Rothia endophytica,
Cytobacillus kochii, Chryseobacterium cucumeris, Enterococcus
pseudoavium, Macrococcus goetzii, Streptococcus suis,
Stenotrophomonas maltophilia, Stenotrophomonas rhizophila,
Pseudomonas lundensis, Enterobacter bugandensis, Bacillus
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FIGURE 4 | Heatmap analysis of raw milk samples used in this study. A. Heilongjiang, B. Inner Mongolia, C. Gansu, D. Henan, E. Anhui, F. Jiangsu, G. Chongqing,
and H. Hunan.

licheniformis, Serratia marcescens, Acinetobacter baumannii,
Pseudomonas azotoformans, and Moraxella osloensis (Figure 2B).
S. luteola was the most abundant in Heilongjiang (23.8%) and
C. testosteroni in Henan (17.2%) and P. lundii in Anhui (14.5%)
raw milk samples (Figure 2B).

Principal Coordinates Analysis
We analyzed the correlations between community structures of
the psychrophilic bacteria in raw milk samples from different
regions using PCoA. The Heilongjiang and Inner Mongolia
raw milk samples clustered indicating similar communities.
Interestingly, these two groups were clearly separated from the
remaining sample regions indicating significant differences in
community structures (Figure 3).

Clustering Heat Map Analysis
We used clustering heat map analysis to further explore
the differences in the community structure of psychrotrophic

bacteria using the top 50 relative abundance scores. This analysis
utilized the Euclidean distance of the microbial composition
data and species were clustered according to Pearson correlation
coefficient data. We found that Heilongjiang and Inner Mongolia
samples were clustered together and separated from the other
groups due to the presence of S. luteola, C. kochii, and
E. faecalis. The clustering of Henan, Anhui, and Jiangsu raw
milk samples were due to the presence of P. lurida, P. gessardii,
L. galactosidilyticus, G. valiniphilus, and C. freundii (Figure 4).

Species Difference Analysis of
Psychrotrophic Bacteria in Samples
We used Venny and linear discriminant analyses to categorize the
different raw milk bacterial species that we identified from our
eight study areas. We found that E. faecalis and R. endophytica
were common species identified in samples from all regions.
In addition, the relative abundance of Bacillus in Jiangsu
samples was significantly greater than for the other regions
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FIGURE 5 | Venny analysis of raw milk samples used in this study. A.
Heilongjiang, B. Inner Mongolia, C. Gansu, D. Henan, E. Anhui, F. Jiangsu, G.
Chongqing, and H. Hunan.

while Streptococcus and Comamonas in Hunan samples were
significantly greater than other regions (Figures 5, 6).

DISCUSSION

We isolated 248 psychrophilic bacterial colonies using
traditional culture methods and found 21 genera and 59
species that were identified by 16 rDNA gene sequencing. At
the genus level, Pseudomonas, Stenotrophomonas, Enterococcus,
Chryseobacterium, and Serratia were the present in the highest
proportions and Pseudomonas accounted for 58.9% of the total.
At the species level, P. azotoformans, P. paralactis, P. lactis,
E. faecalis, and P. marginalis were the present in the highest
proportions and P. azotoformans accounted for to 16.9%
of the total species numbers in our samples. These results
were consistent with a previous study where Pseudomonas,
Lactococcus, and Acinetobacter accounted for 62% of the total
(Von Neubeck et al., 2015). Another study found that the
Pseudomonas was the most prevalent genus (74.79%) in raw
milk and was represented by 25 species, the most common of
these species were P. fragi (10.92%), P. lundensis (6.72%), and
P. fluorescens (6.72%) (Zhang et al., 2020). Additionally, a study
utilizing 595 strains of psychrotrophic bacteria from raw milk
samples indicated 90% of the samples contained Pseudomonas at
proportions as high as 25.7% (Yang et al., 2020).

The traditional culture of microorganisms has numerous
advantageous over other methods and is an indispensable
technical means for the in-depth exploration of microbial
resources in raw milk. The composition of psychrotrophic

bacterial microbiota was investigated by submitting the
psychrotrophic bacteria database to the raw milk microbiota
database. We used single-molecule real-time sequencing to
also identify un-culturable microorganisms to understand the
total diversity of microorganisms in raw milk. These combined
data indicated that Enterococcus, Kaistella, Comamonas,
Pseudomonas, Sporosarcina, Epilithonimonas, Rothia,
Stenotrophomonas, Cytobacillus, Chryseobacterium, Macrococcus,
Streptococcus, Lactococcus, Enterobacter, Bacillus, Serratia,
Acinetobacter, Moraxella, Psychrobacter, and Staphylococcus were
the 20 most abundant genus in all samples. This was consistent
with the results of previous studies that found Pseudomonas,
Acinetobacter, Lactococcus, Corynebacterium, and Streptococcus
as the most abundant genus in raw milk (McHugh et al.,
2020). An additional study indicated that Lactococcus, Bacillus,
Streptococcus, Sporosarcina, Pseudomonas, and Acinetobacter
were the primary psychrophilic bacteria at the genus level in
raw milk (Hou et al., 2015). Raw milk samples analyzed in
another study indicated and Pseudomonas, Lactococcus, and
Acinetobacter were the most common genera (Li et al., 2018).
In our study we found that Enterococcus posed a high risk for
contamination and a previous study of 1,584 batches of raw
milk samples from four dairy factories found that Enterococcus
was presence at levels ranging from 40.6 to 79.7% (Yoon and
Lee, 2021). This agreed with another study where the relative
abundance of Enterococcus in raw yak milk reached levels as high
as 36% (Qazalbash et al., 2021).

At the species level we found that the most abundant
organisms were C. haifense, C. testosterone, S. luteola, E.
faecalis, E. hominis, R. endophytica, C. kochii, C. cucumeris, E.
pseudoavium, M. goetzii, S. suis, S. maltophilia, S. rhizophila,
P. lundensis, E, bugandensis, B. licheniformis, S. marcescens,
A. baumannii, P. azotoformans, and M. osloensis. A previous
study indicated that E. faecalis, S. rhizophila, P. lundensis, and
M. osloensi were the primary psychrophilic bacteria at the species
level in raw milk (Yang et al., 2020). The most common source for
A. baumannii is environmental pollution and this bacterium can
cause pneumonia, meningitis, and wound infections (Engür et al.,
2014). We found that the relative abundance of A. baumannii
in Chongqing was relatively high and this was consistent
with previous studies implicating raw milk and commercial
infant formula milk powder as sources (Tamang et al., 2014).
Streptococcus originates primarily in the farm environment and
is a common cause of dairy cow mastitis and most animals have
no obvious clinical symptoms at the time of infection (Moroni
et al., 2006). S. suis has been also identified in raw milk in cows
with mastitis (Ma et al., 2021). We found S. suis in Hunan samples
and this may be related to farm management practices.

China is a vast country with many farms, we also analyzed
the influence of geographic regions factors on the community
structure of psychrotrophic bacteria in raw milk, and the results
showed that geographic regions factors significantly influenced
the community structure of psychrotrophic bacteria in raw milk,
with Heilongjiang and Inner Mongolia clustered together in
both principal coordinates analysis and cluster heat map analysis
due to their location in the north of China, while Henan,
Anhui, and Jiangsu clustered together due to their proximity.
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FIGURE 6 | Linear discriminant analysis (LDA) of raw milk samples used in this study. A. Heilongjiang, B. Inner Mongolia, C. Gansu, D. Henan, E. Anhui, F. Jiangsu,
G. Chongqing, and H. Hunan.

This is consistent with previous findings that geographic factors
were significant factors influencing the milk microbiota (Guo
et al., 2021), while studies on psychrotrophic bacteria had
also shown that geographic factors were determining factors
attributing to significant influence in the raw milk psychrotrophic
bacteria (Yap et al., 2021). In addition, differences in the
community structure of psychrotrophic bacteria in raw milk
between different geographic regions may be influenced by
storage temperature (Vithanage et al., 2016; Hahne et al., 2019;
Quinto et al., 2020). The low-temperature storage resulted in an
increasing relative abundance of psychrotrophic bacteria (Yang
et al., 2020), the psychotropic bacterial community structure
diversity in the summer was higher than that in the winter
(Vithanage et al., 2016). Cold storage tests using raw water
buffalo milk indicated that the microbial community structure
changed with storage time. The first 24 h were dominated by
Lactococcus and Streptococcus while at 72 h Pseudomonas and
Acinetobacter dominated and latter achieved levels more than
60% (Li et al., 2016). A comparison of the effects of different
cold storage conditions on the microorganism content of raw
milk indicated that Pseudomonas isolates also dominated all
temperatures and were more than 80% at 2 and 4◦C (Vithanage
et al., 2017), however, only 8–10% at 10 and 30◦C (Hahne et al.,
2019), however, another study found that all Pseudomonas can
grow at 2–25◦C (Meng et al., 2019), 67% Pseudomonas can grow
at 40◦C (Caldera et al., 2016). Differences were observed between
days in Henan, Anhui, and Jiangsu samples that may be related
to farm management or disinfection procedures. Disinfection of

farm milking equipment and acid or alkaline disinfection are
usually performed every other day.

CONCLUSION

This is the first study to analyze the diversity of psychrophilic
bacteria in raw milk in different regions of China by
a combination of traditional culture and PacBio single-
molecule real-time sequencing. The community structure of
psychrotrophic bacteria in raw milk was very different across
regions. In this study, we found that the community structure
and diversity of psychrotrophic bacteria in raw milk in
Heilongjiang and Inner Mongolia were similar although they
differed significantly from the other study regions. Additionally,
differences were observed between days in Henan, Anhui, and
Jiangsu samples. These procedures assisted in a more accurate
understanding of the community structure of psychrophilic
bacteria in raw milk from different regions and can be used to
develop timely individual control strategies on a case or a reginal
basis in order to ensure milk safety.
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Diarrheagenic Escherichia coli (DEC) can cause epidemic diarrhea worldwide. The
pathogenic potential of different strains is diverse and the continuous emergence of
pathogenic strains has brought serious harm to public health. Accurately distinguishing
and identifying DEC with different virulence is necessary for epidemiological surveillance
and investigation. Clustered regularly interspaced short palindromic repeats (CRISPR)
typing is a new molecular method that can distinguish pathogenic bacteria excellently
and has shown great promise in DEC typing. The purpose of this study was to
investigate the discrimination of CRISPR typing method for DEC and explore the
pathogenicity potential of DEC based on CRISPR types (CT). The whole genome
sequences of 789 DEC strains downloaded from the database were applied CRISPR
typing and serotyping. The D value (Simpson’s index) with 0.9709 determined that
CRISPR typing had a higher discrimination. Moreover, the same H antigen strains
with different O seemed to share more identical spacers. Further analyzing the strains
CRISPR types and the number of virulence genes, it was found that there was a
significant correlation between the CRISPR types and the number of virulence genes
(p < 0.01). The strains with the largest number of virulence genes concentrated in CT25
and CT56 and the number of virulence genes in CT264 was the least, indicating that the
pathway potential of different CRISPR types was variable. Combined with the Caco-2
cell assay of the laboratory strains, the invasion capacity of STEC strains of different
CRISPR types was different and there was no significant difference in the invasion rate
between different CRISPR type strains (p > 0.05). In the future, with the increase of the
number of strains that can be studied experimentally, the relationship between CRISPR
types and adhesion and invasion capacities will be further clarified.

Keywords: diarrheagenic Escherichia coli, CRISPR typing, serotyping, virulence genes, Caco-2 cell

INTRODUCTION

Diarrhea illness is one of the global healthcare problems. Diarrheagenic Escherichia coli (DEC)
is an important agent of epidemic diarrhea worldwide especially in some underdeveloped areas
with poor sanitation among bacterial pathogens (Gomes et al., 2016). DEC can be divided
into five categories according to its virulence characteristics: enterotoxigenic E. coli (ETEC),
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enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC),
enteropathogenic E. coli (EPEC), and Shiga toxin–producing
E. coli (STEC) (Shahbazi et al., 2021). Strains can be identified
according to the characteristic virulence genes of different DEC
categories: stx1, stx2, and eae in STEC; aggR and astA in EAEC;
invE and ipaH in EIEC; est and elt in ETEC. Furthermore, typical
(eae+, bfp+) EPEC and atypical (eae+, bfp−, stx1−, stx2−) EPEC
can be distinguished (Fujioka et al., 2013; Rodrigues et al., 2016;
Spano et al., 2021). Some studies have shown the association
between EPEC and diarrhea. Moreover, EPEC was the main
cause of death in children with diarrhea in developing countries
(Scaletsky et al., 2002; Afset et al., 2004; Hernandes et al., 2009).
ETEC was the most common cause of travelers’ diarrhea followed
by EAEC in developed and developing countries (Daniels, 2005;
Croxen and Finlay, 2010). Large outbreaks of diarrheal diseases
were caused by EIEC and proved to be indeed associated with
diarrhea (Manuel et al., 1992). STEC was first associated with
hemolytic uremic syndrome (HUS) and hemorrhagic colitis (HC)
in the 1980s, and subsequently with uncomplicated diarrhea
(Karmali et al., 1983; Riley et al., 1983; Pai et al., 1988). Both
stx1 and stx2 carried by STEC are the most common in HUS
patients. The stx were proved to reach endothelial cells and
induce cascade thrombosis and inflammatory changes, leading to
HUS in kidney and other organs (Keir et al., 2012). Both eae and
ehxA carried by STEC also can cause serious diseases in humans
(Shen et al., 2015). STEC can lead to typical colonic attachment
and elimination of lesions by adhesion to intestinal epithelial
cells, which can cause diarrhea or bloody diarrhea (Bruyand
et al., 2018). This feature is primarily related to the intima of a
protein encoded by the eae carried by the chromosomal locus
of enterocyte effacement (LEE). Ruminants such as cattle and
sheep are the main hosts of STEC. STEC infections are mainly
foodborne, and from bovine feces and water contaminated by
animal feces (Boerlin et al., 1999; Muniesa et al., 2006).

Different E. coli pathogenic categories have different
characteristic virulence genes, and virulence genes can be
transferred horizontally in pathogenic E. coli, allowing
pathogenic strains to acquire new biological characteristics
and even lead to the generation of new strains (Kyle et al.,
2012). Horizontal gene transfer (HGT) between bacteria by
Mobile Genetic Elements (MGE) carrying virulence genes has
resulted in the continuous emergence of highly virulent strains,
which has brought serious harm to public health (Xiong et al.,
2012; Yan et al., 2015). Therefore, it is an important task for
epidemiological surveillance and investigation to accurately
distinguish and identify diarrheagenic E. coli with different
virulence. Serotypes can be used as a characteristic indicator of
bacteria and long term for DEC typing in view of most of the
pathogenic strains contained in the known O:H serotypes. For
example, O157:H7 caused severe disease harming to patients.
In addition, some studies have shown that O26:H11, O45:H2,
O103:H2, O111:H8(NM), O121:H19, and O145:NM are also
the main serotypes of major foodborne diseases (Karmali,
2018; Spano et al., 2021). Consequently, O:H serotyping plays
an important role in bacterial classification, epidemiological
monitoring, epidemic detection, and other aspects, and it can

also provide information directly related to antigen response
(Joensen et al., 2015). However, serotyping still has limitations,
so it is necessary to use new typing methods to compensate for
the shortcomings of isolates serotyping.

Clustered regularly interspaced short palindromic repeats
(CRISPR) is one of the most rapidly evolving components
of the genome, mainly composed of almost identical repeats
and highly specific spacers. The insertion and deletion of
spacers in CRISPR arrays reflect the polymorphism of bacterial
evolution (Deveau et al., 2010; Makarova et al., 2011). CRISPR
and CRISPR-associated sequence (CAS) proteins together form
the CRISPR/CAS system (Díez-Villaseñor et al., 2010; Toro
et al., 2014), which can acquire immunity for prokaryotes
through invading phages and plasmids, thereby resisting phage
infection and limiting the HGT (Marraffini and Sontheimer,
2008, 2010). Some researchers found that spacers are derived
from foreign genetic elements such as exogenous plasmids
or phages (Bolotin et al., 2005; Mojica et al., 2005; Pourcel
et al., 2005), which is related to the mechanism of action
of CRISPR/CAS system. The CRISPRs of different strains are
divergence and the high polymorphism of spacers can be used
as high discrimination biomarkers for genotyping. Four CRISPR
loci have been identified in E. coli, namely CRISPR1, CRISPR2,
CRISPR3, and CRISPR4 (Díez-Villaseñor et al., 2010; Yin et al.,
2013; Toro et al., 2014). A recent study (Long et al., 2019)
classified 413 E. coli strains into 23 types according to CRISPR3
and CRISPR4 loci. In addition, CRISPR typing method has been
applied to Salmonella, Campylobacter jejuni, Cronobacter, and
other foodborne pathogens (Li et al., 2018; Zeng et al., 2019;
Yeh and Awad, 2020), proving that CRISPR typing method has
become popular. However, pathogenicity potential of DEC based
on CRISPR types seldom focus on and needs further studies.

The purpose of this study was to investigate the distinguishing
ability of CRISPR typing for DEC and explore the pathogenicity
potential of DEC strains. We performed CRISPR typing of DEC
strains and analyzed virulence genes of different CRISPR types.
In addition, we combined the results of Caco-2 cell assay of
laboratory E. coli to further explore the adhesion and invasion
capacities of STEC strains based on CRISPR types.

MATERIALS AND METHODS

Strains
Sequence Collection
The whole genome sequences of DEC were downloaded from the
National Center for Biotechnology Information (NCBI) database
(updated before May 19, 2021). The strains were classified
according to the characteristic genes of DEC.

Laboratory Strains
Twelve STEC strains were screened in the laboratory. A total
of 8 strains were isolated from ground beef and 4 strains were
isolated from cattle feces. The whole genomes of the strains
have been sequenced.
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Serotyping
SerotypeFinder 2.0 Web-based tool1 was applied to analyze the
serotype of the whole genome sequence of laboratory strains and
DEC downloaded by NCBI with the following parameters: 85%
threshold for %ID and 60% minimum length.

Clustered Regularly Interspaced Short
Palindromic Repeats Typing
The identification of CRISPR loci and the spacers were extracted
using CRISPRfinder (Grissa et al., 2007) and BLAST. The
comparison of spacer sequences and obtaining unique spacers
were identified by ClustalX (Larkin et al., 2007). Each unique
spacer was recorded associated a single number beginning with
1. Then, every CRISPR array with multiple spacers was assigned
a number as a spacer code. CRISPR typing was performed by
combining CRISPR1, CRISPR2, CRISPR3, and CRISPR4 into
one allele and displayed this as an arrangement of CRISPR
spacers. The CRISPR type (CT) of each strain was defined using a
specific number beginning with 1. The discrimination index (D)
was calculated based on the Simpson’s index of diversity with
the equation as previously defined (Hunter and Gaston, 1988;
Yeh and Awad, 2020).

Identification of Virulence Genes
VirulenceFinder 2.0 Web-based tool2 was used to determine
virulence genes of DEC genomes with the following parameters:
90% threshold for %ID and 60% minimum length.

Adherence and Invasion Assay of Caco-2
Cells
Cell Culture
Caco-2 cells (FH0029) were purchased from the FuHeng BioLogy
(Shanghai, China). The cells were removed from the liquid
nitrogen and placed in 37◦C water bath, thawed by shaking.
The Caco-2 cells were placed in Dulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with 10–20% (v/v) fetal bovine
serum (FBS), 1% (v/v) non-essential amino acids (Coolaber,
Beijing, China), and 1% (v/v) penicillin–streptomycin solution.
Cells were grown at 37◦C in a humidified atmosphere of 5%
CO2 and 95% air conditions (Klingberg et al., 2008). For the
experimental assays, Caco-2 cells were grown in 12-well tissue
culture plates (Greiner Bio-One, Frickenhausen, Germany) until
monolayers were developed.

Adhesion Assay
In vitro, the adhesion capacity of DEC to Caco-2 cells was studied,
and DEC in this study belonged to STEC. The STEC isolates
grow overnight at 37◦C in Luria–Bertani (LB) culture. Bacteria
suspension (1 ml) was added to each well of the tissue culture
plates containing monolayers of Caco-2 cells and the precise
number of bacteria in the inoculum (107–108 CFU/ml) added
to monolayers was determined retrospectively by serial dilutions
and plate counting. After 2 h of incubation at 37◦C, the Caco-2

1https://cge.cbs.dtu.dk/services/SerotypeFinder/
2https://cge.cbs.dtu.dk/services/VirulenceFinder/

cells were washed three times with PBS to remove non-attached
bacterial cells (Olesen and Jespersen, 2010). One milliliter 1%
Triton X-100 (Applichem, Darmstadt, Germany) was added to
each well to loosen and lyse the Caco-2 monolayers. Appropriate
serial dilutions of the Caco-2/DEC mixtures were plated on LB
agar plates to determine the number of adhered Caco-2 cells. For
each assay, the mean value of adherent bacteria was determined
and the SEM from triplicate experiments was calculated. The
adhesion index was calculated as the ratio of the number of
adhered cells to the amount of inoculation × 100%. Results were
expressed as% bacteria adhered relative to inoculum.

Invasion Assay
To determine bacterial invasion, the bacteria solution was added
to each well of a tissue culture plate containing Caco-2 monolayer
cells, incubated at 37◦C for 2 h and then washed with PBS 3
times. Then 1 ml 100 µg/L penicillin–streptomycin solution was
added and incubated for 1 h to kill remaining viable extracellular
bacteria. The cells were lysed with 1% Triton X-100 for 5 min
after washing the penicillin–streptomycin solution and a serial
dilution method was used to quantify viable intracellular bacteria.
LB agar plates were used to determine the number of invasive
bacteria. The mean value of invasive bacteria was determined and
the SEM from triplicate experiments was calculated. Results were
expressed as% of invasive bacteria relative to inoculum.

Statistics
Results were analyzed using GraphPad Prism 8 and SPSS 25. The
ANOVA analysis followed by a Duncan test at 95% confidence
limits were applied to determine the differences in the STEC
adhesive and invasion capacities, and the difference in the
number of virulence genes among strains of different CRISPR
types. P-values of <0.05 were considered statistically significant.
Pearson test was used to analyze the correlation between CRISPR
typing and virulence gene number of strains.

RESULTS AND DISCUSSION

Sequence Collection
Complete genome sequences of 789 DEC strains were
downloaded from NCBI database, including 521 strains of
STEC, 116 strains of EAEC, 105 strains of EPEC, 30 strains of
EIEC, and 17 strains of ETEC. The NCBI accession numbers
of all genomes analyzed in the current work were listed in
Supplementary Table 1.

Identification of Clustered Regularly
Interspaced Short Palindromic Repeats
Loci
The CRISPR1, CRISPR2, CRISPR3, and CRISPR4 loci of DEC
were identified and extracted. A total of 733 DEC strains
had CRISPR loci. The upstream and downstream sequences of
CRISPR loci were relatively conserved. The CRISPR1 locus was
located between iap and cysH, the CRISPR2 locus was located
between ygcE and ygcF, and CRISPR3 and CRISPR4 [named
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CRISPR4.1 and CRISPR4.2, respectively, by Díez-Villaseñor et al.
(2010)] were located between clpA and infA. The results are
consistent with a previous study (Díez-Villaseñor et al., 2010).
The number of CRISPR loci varies with DEC types, as shown in
Figure 1.

The number of CRISPR1 and CRISPR2 loci was the largest
with 713 respectively, the number of CRISPR3 loci was 94, and
the number of CRISPR4 loci was 16. STEC, EAEC, EPEC, EIEC,
and ETEC had more CRISPR1 and CRISPR2 loci than CRISPR3
and CRISPR4, and the number of CRISPR4 loci was the least.

Serotyping
Among 789 DEC strains, the serotypes of 747 strains were
identified. The strains were divided into 212 serotypes, of which
O157:H7 accounted for a large proportion with 182 strains. The
isolates of O157:H7 were mainly isolated from the United States,
Netherlands, Sweden, and other places, which were associated
with some food-borne disease outbreaks caused by STEC.
O157:H7, O111:H8, O26:H11, O145:H28, and O121:H19 were
the dominant serotypes of STEC. These serotypes most frequently
implicated in outbreaks and sporadic cases of HC and HUS. The
dominant serotypes of EAEC were O6:H1, O153:H30, and the
dominant serotypes of EPEC were O55:H51 and O157:H16. The
serotypes of EIEC and ETEC were dispersed. In addition, 119
strains had 119 serotypes, individually. The D value (Simpson’s
index) for DEC strains serotyping was 0.9316.

All 12 STEC strains from our laboratory were divided into
different serotypes. Among them, 4 strains isolated from cattle
feces belong to O136:H12, and 3 strains isolated from ground beef
were from O157:H7, O26:H11, O181:H31, O178:H19, O105:H8,
and ONT:H10 distributed in single strain respectively.

Clustered Regularly Interspaced Short
Palindromic Repeats Typing
The downloaded genome sequences of DEC strains were
classified by CRISPR typing method, and a total of 1,878
unique CRISPR spacers were obtained through alignment. The
distributions of spacer numbers from each location seemed to be
random. According to the different arrangement of these spacers
to determine the CRISPR classification, the bacteria were divided
into 397 CRISPR types (CT). CRISPR typing results of DEC
are shown in Supplementary Table 2. CT7 (n = 86) was the
most prevalent followed by CT48 (n = 85) and two kinds of
CT were STEC serotype O157:H7. The strain number including
CT6, CT32, and CT287 were 17, 16, and 10, respectively. The
strains of other CTs were less than 10. 325 types of CRISPR
typing were the least (n = 1). The D value (Simpson’s index) with
0.9709 determining the discriminatory power of CRISPR typing
method indicated that CRISPR typing method had a higher
discriminatory power than serotyping for strains, which was
related to the polymorphism of CRISPR. In addition, the same
serotype can be divided into different CRISPR types (Figure 2).

FIGURE 1 | Number of DEC CRISPR loci.

Frontiers in Microbiology | www.frontiersin.org 4 March 2022 | Volume 13 | Article 85266238

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-852662 February 24, 2022 Time: 15:55 # 5

Bai et al. DEC CRISPR Typing and Virulence

FIGURE 2 | CRISPR typing distribution of the same serotype strains.

O157:H7 serotype was divided into 8 CRISPR types including
CT7, CT21, CT44, CT48, CT49, CT60, CT365, CT366; O111:H8
contained CT6, CT32, CT58, CT62, and CT79; O104:H4 was
separated by CT129, CT131, CT155, CT156, and CT157;
O121:H19 included CT40, CT42, CT55, CT66, CT67, CT68,
CT77, CT84, and CT360. Otherwise, O26:H11, O145:H28,
O113:H21, and O103:H2 contained more than 10 CRISPR types.
CRISPR typing method had a higher ability to distinguish strains

than serotypes. The study suggests the possibility of serotype
prompting through CRISPR arrays. It is worth mentioning that
the same H antigen strains with different O seemed to share more
identical spacers, while the same O group with different H could
not share spacers or had fewer spacers in CRISPR. For example,
O26:H11 and O116:H11 had the same CRISPR typing (CT145),
which means that spacers were arranged exactly the same.
O111:H11 and O69:H11 had 6 identical spacers in CRRSPR1
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TABLE 1 | CRISPR types and serotypes of laboratory STEC.

Strains Serotype CRISPR
type

Number of
spacers

CRISPR loci

MRL380001 O157:H7 CT48 4 CRISPR1/CRISPR2

MRL380002 O26:H11 CT398 15 CRISPR1/CRISPR2

MRL380003 O157:H7 CT48 4 CRISPR1/CRISPR2

MRL380004 O157:H7 CT7 4 CRISPR1/CRISPR2

MRL380005 ONT:H10 CT399 26 CRISPR1/CRISPR2

MRL380006 O81:H31 CT400 20 CRISPR1/CRISPR2

MRL380007 O178:H19 CT401 13 CRISPR1/CRISPR2

MRL380008 O105:H8 CT402 22 CRISPR1/CRISPR2

MRL380009 O136:H12 CT403 12 CRISPR1/CRISPR2/CRISPR3

MRL380010 O136:H12 CT404 12 CRISPR1/CRISPR2/CRISPR3

MRL380011 O136:H12 CT405 12 CRISPR1/CRISPR2/CRISPR3

MRL380012 O136:H12 CT406 12 CRISPR1/CRISPR2/CRISPR3

and completely consistent spacers in CRISPR2, while O26:H11
and O26:H36 had only one common spacer (Supplementary
Table 2). Similar results in the study of STEC were found by
another study (Toro et al., 2014), indicating that H antigen loci
are more evolutionarily stable than O antigen because of the
diversity of O antigen due to the O antigen transformation caused
by gene level transfer (Rump et al., 2010; Wang et al., 2012).

CRISPR1, CRISPR2, CRISPR3, and CRISPR4 loci and spacers
of STEC screened by our laboratory were identified and extracted,
as shown in Table 1. A total of 156 spacers in 12 STEC strains
were checked, including 107 unique spacers. Also, 18 unique
spacers from 12 STEC strains were not found in the 789 DEC
genomes downloaded from the database. Therefore, the CRISPR
typing of strains was acquired after spacers of STEC were sorted
based on assigning new unique spacers. The spacer arrangement
is shown in Figure 3. All 3 strains (MRL380004, MRL380001, and
MRL380003) were the same CRISPR typing as the downloaded
strains, and two belong to CT48 and one belongs to CT7. In
addition, all the strains of CT7 and CT48 were O157:H7 serotype.

The results indicated that the spacers of STEC are relatively
diverse. The spacers of CRISPR1 loci of MRL380009,
MRL380010, MRL380011, and MRL380012 strains were
completely consistent, and the spacer sequences of MRL380009
and MRL380012 strains were consistent at CRISPR2 loci.
However, the distribution of spacers at CRISPR3 loci was
inconsistent. Similarly, MRL380010 and MRL380011 strains
had the same spacer sequences at CRISPR2 loci, while the
spacer sequences at CRISPR3 loci were different. MRL380009,
MRL380010, MRL380011, and MRL380012 belonged to
O136:H12 serotype, but belonged to four different CTs.

Pathogenic Potential of the Strains
Relationship Between Diarrheagenic Escherichia coli
Virulence Gene Quantity and Clustered Regularly
Interspaced Short Palindromic Repeats Typing
The type and number of virulence genes of foodborne pathogenic
bacteria represent the pathogenic potential of the strain, and
the strain with strong pathogenic factors is often more likely to
bring pathogenic risk to human. For example, STEC has caused
many foodborne disease outbreaks and public health challenges
(Karmali, 2017) mostly from stx, the main virulence factor of
STEC. In this study, 123 strains were positive for stx1 only
and 237 were positive for stx2 only. There was difference in
CRISPR types between strains carrying only stx1 or stx2. The
virulence genes were analyzed and it was found that stx2 was
more prevalent than stx1 in STEC. In STEC strains isolated
from animals, food, and clinical samples by Kruger et al. (2015),
stx2 was more popular, while other studies have shown that the
prevalence of stx1 was higher than that of stx2 (Wani et al.,
2007; Michel and Kase, 2009). These results may be caused by the
differences between the isolation place and source.

Typical virulence genes of EAEC strains are astA, pic,
and aggR, and these virulence factors are commonly used
as important indicators for EAEC isolation and identification
(Hebbelstrup Jensen et al., 2017). Researchers have investigated

FIGURE 3 | CRISPR spacer arrangements of STEC strains. Elements with different colors and shapes represent different spacers.
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the prevalence of diarrheagenic Escherichia coli pathotypes
among diarrhea and healthy children up to 5 years of age in
Brazil, and found that EAEC was the most common pathological
type, indicating that the pathogenicity of EAEC should not
be underestimated (Dias et al., 2016). In a Brazilian study
that investigated childhood diarrhea, the toxin gene astA was
associated with acute diarrhea (Pereira et al., 2007). In our study,
astA was more popular than pic and aggR in EAEC (n = 116);
the clinical strains containing astA that were downloaded in this
study can cause diarrhea (not mentioned whether children are
involved), indicating that EAEC with astA possibly possessed
high potential pathogenicity.

The strains with eae+ and bfp+ were marked as typical EPEC
(tEPEC), and the strains with eae+, bfp−, stx1−, and stx2− were
recorded as atypical EPEC (aEPEC) (Spano et al., 2021). Among
the EPEC (n = 105) downloaded in this study, atypical EPEC
covered a relatively high proportion (75.24%), which was similar
to the results of other studies (Afset et al., 2004).

A potential contributor to the less reports than other DEC
strains, is that EIEC is often observed as a rare cause of diarrhea
compared with other DECs (Vieira et al., 2007). However,
EIEC is a leading cause of bacterial dysentery with fever,
abdominal cramps, diarrhea, and other symptoms in places with
poor sanitation (Farajzadeh-Sheikh et al., 2020). Therefore, its
pathogenic risk should not be ignored, and it is necessary that the
research of the distribution of virulence genes is more conducive
to understand the pathogenic potential of bacteria.

Enterotoxigenic E. coli is a global diarrhea pathogen that
causes disease in mammalian hosts infected by adhesins and
secreted enterotoxins (Crofts et al., 2018). ETEC was first
recognized as a cause of human illness in the 1960s (Bradley
et al., 1971). ETEC is the most common cause of traveler’s
diarrhea and rarely found in meat products, and contaminated
food and water have been implicated as vehicles for transmission
of ETEC infection. Moreover, ETEC has been studied in India,
the United States, and other regions (Daniels, 2005; Crofts
et al., 2018; Mondal et al., 2022). While the amount of
ETEC collected in this study was limited and originated from
Bangladesh, the United States, China, Chile, and other countries,
it was impossible to evaluate the geographical specificity of
strains in each region.

Combined with the results of CRISPR typing of DEC strains,
there was a significant correlation between CRISPR typing and
the number of virulence genes (p < 0.01). The number of
virulence genes between strains of different CTs was significantly
different (p < 0.01), indicating that the pathogenicity potential of
different CT strains was different. The distribution of virulence
gene quantity of DEC strains with different CTs is shown in
Figure 4. Virulence genes can not only be used for characteristic
identification of strains, but also can make prospective judgments
on the potential pathogenic properties of strains. To investigate
the virulence potential of different CT strains, we analyzed
the distribution of virulence gene quantity in different CTs of
DEC strains downloaded (Figure 4). Figure 4 shows the CT of
more than ten strains. The strains with the largest number of
virulence genes were concentrated in CT25 (H11, H16) and CT56
(H11). CT264 (H14) was the least prevalent followed by CT213

FIGURE 4 | Number of virulence genes among different CRISPR types of
DEC strains. The same letter in the figure indicates that there is no significant
difference between each other, and the absence of the same letter indicates
that there is a significant difference between each other (p < 0.01).

(H21). CT25 and CT56 only had CRISPR1 and CRISPR2 locus,
while CT264 had CRISPR3 locus, and the number of spacers in
CRISPR1 locus of CT264 is more than that of CT25 and CT56.
CT48 (O157:H7) had significant difference with CT25 (H11,
H16), CT56 (H11), CT131 (H4), CT213 (H21), and CT264 (H4)
(p < 0.01), but had no significant difference from other CTs.
It can also be found that the number of virulence genes varied
with different CRISPR types, and the CRISPR types that were
significantly different from other types were H4, H11, H14, and
H21 serotypes, indicating that CRISPR typing can distinguish the
number of virulence genes of these serotype strains excellently.

The distribution of virulence genes in different CRISPR
types of laboratory STEC strains is shown in Figure 5. CT398
(O26:H11) was the most prevalent followed by CT7 (O157:H7),
and CT402 (O105:H8) had the least number of virulence genes.
As the number of strains increases in the future, it is expected to
obtain a more accurate relationship between CT and the number
of virulence genes.

Caco-2 Cell Assay
The virulence potential of the strain is not only reflected in the
distribution of virulence genes. To investigate the pathogenic
potential of the STEC more comprehensively, the adhesion
and invasion capacities of STEC to Caco-2 cells were studied
(Figures 6, 7).

MRL380002 and MRL380007 behaved similarly and presented
a significantly higher adhesive capacity (p < 0.05). MRL380010
had the least adhesive capacity and was not significantly
different from that of MRL380001, MRL380006, MRL380008,
MRL380009, MRL380010, MRL380011, and MRL380012, while
it was significantly lower than MRL380002, MRL380003,
MRL380004, MRL380005, and MRL380007 adhesion rate
(p < 0.05).

The serotype of MRL380002 was O26:H11, which also carried
eae, stx1, and stx2 virulence genes. The serotype of MRL380007
was O178:H19, which carried stx2 but did not carry eae and
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FIGURE 5 | Number of virulence genes among different CRISPR types of
laboratory STEC strains.

FIGURE 6 | Adherence to of Caco-2 cells by different strains of STEC. The
same letter indicates that there was no significant difference between each
other, and the absence of the same letter indicates that there was a significant
difference between each other (p < 0.05). Results were expressed as percent
of adherent bacteria with respect to inoculum.

stx1. MRL380010 had the lowest adhesion rate, and its serotype
was O136:H12, which did not carry eae and stx2 genes, but
carried stx1 genes. We found that there were also differences
in adhesion ability between strains of the same serotype. The
serotypes of MRL380001, MRL380003, and MRL380004 were
O157:H7, among which MRL380001 and MRL380003 showed
significant differences in adhesion ability to cells. Kobayashi et al.
(2016) measured the cell adhesion capacity of 11 STEC strains
with serotype O103:H2, and the results showed that there were
significant differences in adhesion capacity among strains of the
same serotype, which was similar to our results.

MRL380002 had the greatest invasive capacity and it was
significantly higher than that of MRL380003, MRL380005,
MRL380009, MRL380010, and MRL380012 (p < 0.05). The
invasion rates of MRL380004, MRL380007, MRL380008, and
MRL380011 were not significantly different from other strains.

FIGURE 7 | Invasion of Caco-2 cells by different strains of STEC. The same
letter indicates that there was no significant difference between each other,
and the absence of the same letter indicates that there was a significant
difference between each other (p < 0.05). Results were expressed as percent
of invasive bacteria respect to inoculum.

MRL380001, MRL380003, and MRL380004 belonging to
O157:H7 showed no significant difference in invasive capacity.
Serotypes of MRL380009, MRL380010, MRL380011, and
MRL380012 were O136:H12. There was no significant difference
in the invasion rate of Caco-2 cells. The adhesion and invasion
abilities of MRL380002 were the highest among strains, but the
order of adhesion and invasion abilities of other strains was not
consistent, indicating that there was not necessarily a correlation
between the adhesion ability and invasion ability. In addition,
the outstanding adherence to and invasion of Caco-2 epithelial
cells by O26:H11 confirmed that the virulence of non-O157
strain might not be underestimated. The serotypes O26:H11
and O103:H2 were used for comparison together with O157:H7
because these serotypes are considered the most important
non-O157 STEC serotypes associated with increasing frequency
in patients with bloody diarrhea and HUS (Jelacic et al., 2003;
Alexander et al., 2005).

Combined with the CRISPR typing results of STEC, this study
also analyzed the differences of adhesion and invasion capacities
among strains with different CRISPR type. The distribution of cell
adhesion capacity of different CT type STEC strains is shown in
Figure 8.

The mean adhesion rate of CT398 was the highest followed by
CT401, and adhesion rates of CT398 and CT401 strains to Caco-
2 cells were significantly higher than that of other CRISPR types
(p < 0.05). CT399 adhesion ability was significantly higher than
CT400, CT402, CT403, CT404, CT405, and CT406 (p< 0.05), but
with CT7 and CT48, there was no significant difference between
strains. Whether the results of CRISPR typing can predict the
adhesive capacity of the strains needs to be further studied by
increasing the number of strains.

CT398 had the largest quantity of virulence genes, including
eae and stx1, and CT402 and CT404 with the lowest adhesion
rate did not have eae because eae was a factor related to adhesive
capacity (Kobayashi et al., 2016), the lack of eae had a certain
impact on the adhesive capacity of the strain. Including intimin
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FIGURE 8 | Distribution of adhesive capacity of different CRISPR typing STEC
strains. The same letter indicates that there was no significant difference
between each other, and the absence of the same letter indicates that there
was a significant difference between each other (p < 0.05). The red lines
represent the median, and the blue lines represent the quartile.

FIGURE 9 | Distribution of invasion capacity of different CRISPR typing STEC
strains. The red lines represent the median, and the blue lines represent the
quartile.

(eae), translocated intimin receptor (tir), the type III secretion
apparatus (espB and espD), and homolog adhesion (iha) are also
associated with adherence to the intestinal epithelium (Tarr et al.,
2000; Kobayashi et al., 2016). CT398 with the highest adhesion
rate carried tir and espB. CT7 and CT48 carried tir and espB,
and iha had a higher adhesion rate. CT402, CT403, CT404,
CT405, CT406 tir, espB, and iha were negative, and their adhesive
capacities were inferior. The largest number of spacer sequences
were identified in CT402, but CT402 had the lowest number of
virulence genes and a low adhesive capacity. How the spacer
affects the adhesive capacity of strains is indistinct, and further
investigation is needed by increasing the number of strains.

The invasion capacity of STEC strains of different CRISPR
types is shown in Figure 9. CT398 showed the highest invasion

value followed by CT400, and CT404 was generally lower than
other CT types. CT398 carried eae and stx1; moreover, the
number of virulence genes and adhesion rate are both the highest.
CT404 had the least virulence genes quantity and adhesion rate
carried stx1 without eae. There was no significant difference in
the invasion rate between different CT type strains (p > 0.05),
which was different from the adhesion capacity.

CONCLUSION

In conclusion, the existence rate of CRISPR1 and CRISPR2 loci
in DEC strains was generally higher than that of CRISPR3 and
CRISPR4 loci. The strains with the same H antigen shared more
spacers, while the same O group did not share spacer sequences or
shared spacers less. The CRISPR spacers polymorphism showed
the potential for DEC typing, providing clues for inferring
virulence of strains. The number of virulence genes was different
among DEC strains with different CRISPR types, indicating that
the pathogenicity potential of CT strains was different. For STEC,
the adhesion capacity of different CT strains was significantly
different, which provided a basis for CRISPR typing to distinguish
the pathogenicity of strains. As a whole, with the increase in the
number of DEC strains and the popularization of CRISPR typing
method, it is expected to judge the pathogenic potential of the
strain by CRISPR type. Moreover, paying attention to CT strains
with strong virulence potential in advance is beneficial to reduce
the occurrence of food safety problems.
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Pork is one of the most common foods causing microbial foodborne diseases. Since
pork directly enters the market after slaughtering, the control of microbial contamination
in the slaughtering processes is the key to ensuring the quality and safety of pork.
The contamination level of Escherichia coli, a health-indicator bacterium, can reflect
the risk level of potential pathogens. In order to assess the E. coli exposure risk of
pork during slaughtering and to identify the key control points, we established an
E. coli quantitative exposure assessment model for swine-slaughtering processes in
slaughterhouses of different sizes. The model simulation data indicated the E. coli
contamination pattern on the surfaces of swine carcasses during slaughtering. The
changes in E. coli contamination were analyzed according to the simulation data of
each slaughtering process. It was found that the number of E. coli after trimming in big
and small slaughterhouses increased to the maximum values for the whole processes,
which were 3.63 and 3.52 log10 CFU/100 cm2, respectively. The risk contribution of
each slaughtering process to the E. coli contamination on the surface of terminal swine
carcasses can be determined by correlation analysis. Because the absolute value of
correlation coefficient during the trimming process was maximum (0.49), it was regarded
as the most important key control point. This result can be further proved via the
multilocus sequence typing of E. coli. The dominant sequence type before trimming
processes was ST10. ST1434 began to appear in the trimming process and then
became the dominant sequence type in the trimming and pre-cooling processes. The
model can provide a theoretical basis for microbial hygiene supervision and risk control
in swine-slaughtering processes.

Keywords: swine-slaughtering processes, microbial contamination risk, quantitative exposure assessment
model, key control points, multilocus sequence typing
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INTRODUCTION

Pork has played a dominant role in China’s meat consumption
for a long time, accounting for more than 60% of the total meat
consumption since 2000 (Min et al., 2015). Pork directly enters
the market after slaughtering, and it is directly exposed to the
surrounding environment from the beginning of the slaughtering
process. Since the microbial contamination caused by the devices
and appliances used for slaughtering is inevitable (Van Ba et al.,
2019), the hygienic control of the slaughtering processes is
indispensable. Some scholars pointed out that the number of
microorganisms on the carcass surface after slaughtering has
a significant impact on the shelf life and safety of products
(Gill et al., 1998). Therefore, controlling microbial contamination
during slaughtering processes is the key to ensure the quality
and safety of meat.

Escherichia coli is an intestinal symbiotic bacterium in humans
and animals, and most of its strains are harmless to people. In
the case of poor environmental sanitation, it is often scattered
in the surrounding environment with feces. Because there are
some normal flora in addition to intestinal pathogenic bacteria
in the feces, E. coli can be used as a health-indicator bacterium to
reflect food hygiene and the risk to human health. The detection
of E. coli indicates that there may be fecal contamination.
Repeated detection of E. coli in multiple processes of food
production indicates that the risk of food safety is increasing, and
the risk of possible cross-contamination of various pathogenic
microorganisms is high (Kusturov et al., 2017).

Key control points are important steps or processes
determined by analyzing raw materials, production processes,
and human factors affecting product quality and safety
(Setiabuhdi et al., 1997). Analysis of key control points can
control or eliminate food safety hazards to acceptable levels.
Quantitative microbiological risk assessment (QMRA) has
been increasingly investigated and paid more attention in food
safety management and control worldwide, including China
(Dong et al., 2015; Wu et al., 2018). As an important part of risk
assessment, exposure assessments can provide useful information
for identifying key control points. An exposure assessment model
is a more scientific assessment method based on monitoring
data, which is formed by data fitting, logical operation, and
random sampling simulation. In order to explore the key control
points affecting the risk of microbial contamination in pork
during slaughtering more scientifically, it can be realized by
establishing an E. coli quantitative exposure assessment model in
different swine-slaughtering processes. Some studies have aimed
at establishing microbial risk assessment models for the “farm-
to-fork” food chain or retail and subsequent links (Dang-Xuan
et al., 2018; Zhang et al., 2018). In addition, because pork has
been identified as one of the main sources of Salmonella infection
in humans, the risk assessment of microorganisms in pork also
focused on Salmonella (Swart et al., 2016; Gurman et al., 2018).
However, there are other unknown risks posed by pathogenic
microorganisms in pork. Insufficient understanding of the
application of health-indicator bacteria in exposure assessment
and the difficulties of sample collection in swine-slaughtering
lines hinder the establishment of such an exposure assessment

model. Therefore, exposure assessment of health-indicator
bacteria such as E. coli used to analyze the overall contamination
risk of pathogenic microorganisms during swine-slaughtering is
urgently needed.

In this study, an E. coli exposure assessment model suitable for
China’s general swine-slaughtering processes was established, and
the key control points of microbial contamination were analyzed.
Our study provides a scientific basis for effectively controlling
the risk of pathogenic microorganisms and improving the quality
of pork products.

MATERIALS AND METHODS

Data Information During Swine
Slaughtering
Sample Collection
All contamination data of E. coli from various sources
in the slaughterhouses were from the monitoring data of
our laboratory. From August to September 2020, we chose
five swine slaughterhouses of different sizes in Shandong
Province, including three large slaughterhouses and two small
slaughterhouses. Large slaughterhouses slaughter more than 300
swine per hour, and small slaughterhouses slaughter between 30
and 70 swine per hour (GB 50317-2009, 2009). We collected
359 surface samples of swine carcasses and 139 environmental
samples from six slaughtering processes [skinning, washing (1),
eviscerating, washing (2), trimming, and pre-cooling] and from
the environment (workers’ hands, slaughterhouses’ ground, and
appliances) in five slaughterhouses, using PBS sampling swabs
(SWAB-10 PBS, ELAB Scientific, Escondido, United States), and
transported them to the laboratory at 4◦C on the same day.

Isolation and Identification of Microorganisms
Escherichia coli Counts
The swabs collected from the five swine slaughterhouses were
fully vortexed and diluted according to a gradient. Sample
solutions (1 mL) of three suitable dilutions were vertically
transferred into the center of the E. coli/Coliform Count Plate
(3M Petrifilm 6414, 3M Health Care, Saint Paul, United States)
using a pipette and cultured for about 24 h at 37◦C. From to
the instructions of 3M Petrifilm 6414, the blue and dark blue
colonies with bubbles were identified as E. coli. The colonies
with the above morphological characteristics were selected for
E. coli count.

Salmonella Detection
Two slaughterhouses were randomly selected for isolation of
Salmonella on swine carcass surfaces during slaughtering. The
specific isolation method referred to ISO 6579-1:2017 (2017), and
we used invA primer for PCR identification (Rahn et al., 1992).

Statistical Analysis
Monitoring data of E. coli contamination during swine-
slaughtering processes were statistically analyzed using SPSS
22 (IBM, Qingdao, China). T-test was used to investigate the
statistical differences between adjacent processes.
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Multilocus Sequence Typing of Escherichia coli
We picked out E. coli on the count plates and inoculated them
on MacConkey culture medium (CM908, Lu Qiao Technology,
Beijing, China). All strains on MacConkey medium were cultured
for 18 to 24 h at 37◦C and purified two times. Strains
were randomly selected from all of the E. coli isolates for
multilocus sequence typing. Seven housekeeping genes of E. coli
(adk, fumC, gyrB, icd, mdh, purA, and recA) were amplified
according to the recommended PCR amplification procedure
and annealing temperature (Wirth et al., 2006). PCR-amplified
products were submitted to Beijing Qingke Biotechnology Co.,
Ltd. for sequencing. The cut sequences were inputted into
the multilocus sequence typing database,1 and the numerical
sequence numbers of each allele was searched. The final seven
sequence numbers determined the sequence type (ST) of a
strain. The profile including seven gene loci of all strains
was entered into BioNumerics software (v.7.6, Applied Maths,
Kortrijk, Belgium) to construct the minimum spanning tree
of different slaughtering processes. In the minimum spanning
tree, circles correspond to STs, and the size of each circle
is proportional to the number of isolates in each ST. The
maximum risk process was determined according to the
typing results.

Exposure Assessment Model of
Escherichia coli
We selected a single swine as the object for E. coli exposure
assessment. The carcasses of swine after skinning were directly
exposed to air and the environment for the subsequent
processing. Therefore, we regarded skinning as the starting point
of the evaluation procedure, and the downstream processes
included washing (1), eviscerating, washing (2), trimming,
and pre-cooling.

Exposure Assessment Tool
The distribution fitting function of the risk assessment software
@Risk (v.7.0, Palisade, NY, United States) was applied to process
the data. The parameters and variables involved in the exposure
assessment were expressed by formulas, specific values, or
distributions. The model was established in Excel 2007 worksheet
(Microsoft, Redmond, United States), and the Latin hypercube
sampling method in @Risk was used for Monte Carlo simulation
during model simulation.

Data Fitting
This model for E. coli exposure assessment described the
changes in E. coli concentration and the positive rate in a
swine-slaughtering line [processes of skinning, washing (1),
eviscerating, washing (2), trimming, and pre-cooling were
included]. We used the monitoring data on E. coli prevalence
rate in a swine-slaughtering line for data fitting by Fit
Distribution, which formed the basis distributions in this
exposure assessment model.

The data of E. coli concentration for quantitative fitting
are shown in Supplementary Table 1. Results of E. coli

1http://mlst.warwick.ac.uk/mlst/mlst/dbs/Ecoli

quantitative data fitting in differently sized slaughterhouses are
shown in the “Distribution” part of Table 1 and Supplementary
Figures 1–5. In each slaughtering process, the minimum,
maximum, mean, standard test dose (std), and deviation (dev)
of E. coli concentration of our data were input for data fitting,
and optimum distributions which could describe the variation of
E. coli concentration in each slaughtering process were output.
The quantitative data-fitting distribution of E. coli adopted
the data-fitting function in @Risk software to obtain the best-
fitting function expression. Results of E. coli qualitative data
fitting in differently sized slaughterhouses are also shown in
the “Distribution” part of Table 1. We adopted RiskDiscrete
distribution to describe the changed E. coli prevalence at each
slaughtering process: RiskDiscrete ({0, 1},{a, b}), where “0”
represents E. coli negative, “1” represents E. coli positive, “a” is
the value of the E. coli negative rate, and “b” is the value of the
E. coli positive rate.

Monte Carlo Simulation and Model Establishment
On the basis of the fitting functions generated above, an exposure
assessment model was established by @Risk and Monte Carlo
simulation. In the logic relationship of this E. coli exposure
assessment model, the output of the previous process was set as
the input of the next process. The data of samples after skinning
were set as the initial contamination load, and then the E. coli
concentration or prevalence of other slaughtering processes was
outputted successively through the Monte Carlo simulation. The
number of iterations per simulation calculation was 10, 000
(Huang et al., 2017b). The system extracted a value from the
distribution of each input variable to complete each iterative
computation randomly.

Sensitivity Analysis
Through the correlation coefficient of model fitting, the
correlation between E. coli contamination in pork after pre-
cooling and after each slaughtering process was analyzed to
determine the risk contribution of each process to E. coli
contamination in terminal pork products. Sensitivity analyses
were performed in @Risk software. The Spearman level
correlation coefficient was calculated to be between −1 and
+1, where + and - denote positive correlation and negative
correlation, respectively. The positive correlation coefficient
indicated that the process had a risk elimination effect,
while the negative correlation coefficient indicated that the
process had a risk introduction effect. The higher the absolute
value of the correlation coefficient, the greater the impact
of this slaughtering process on the risk posed by terminal
pork products.

RESULTS

Monitoring Data of Escherichia coli
Contamination During
Swine-Slaughtering Processes
From the E. coli monitoring data of slaughtering processes
in slaughterhouses of different sizes (Figure 1), it can be
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TABLE 1 | Escherichia coli exposure assessment model of swine-slaughtering processes.

Swine
slaughterhouses’
size

Module Symbol Description Unit Distribution/model References

All slaughterhouses Skinning m Surface area of a single pig 100cm2 RiskUniform (96,180) Investigation

Las Log number of E. coli after
skinning

Log10CFU/100cm2 RiskTriang (2.7825, 5.1249,
5.1249)

—

Pas Prevalence of E. coli after
skinning

— RiskDiscrete ({0,1},
{0.3750, 0.6250})

Data simulation

Output of E. coli after
skinning

Log10CFU/100cm2 RiskOutput
(“skinning”) + IF(Pas = 0, 0,
Las)

—

Washing (1) Lcw1 Log number of E. coli
changed through washing
(1)

Log10CFU/100cm2 RiskBetaGeneral (6.5293,
4.0775, −2.5387, 2.4624)

Data simulation

Law1 Log number of E. coli after
washing (1)

Log10CFU/100cm2 Las-Lcw (1) —

Paw1 Prevalence of E. coli after
washing (1)

— RiskDiscrete ({0,1},
{0.4500, 0.5500})

Data simulation

Output of E. coli after
washing(1)

Log10CFU/100cm2 RiskOutput [“washing
(1)”] + IF [Paw (1) = 0, 0,
Law (1)]

—

Eviscerating Lce Log number of E. coli
changed through
eviscerating

Log10CFU/100cm2 RiskBetaGeneral (13.124,
10.199, −5.0443, 5.8443)

Data simulation

Lae Log number of E. coli after
eviscerating

Log10CFU/100cm2 Law (1) + Lce —

Pae Prevalence of E. coli after
eviscerating

— RiskDiscrete ({0, 1},
{0.4182, 0.5818})

Data simulation

Output of E. coli after
eviscerating

Log10CFU/100cm2 RiskOutput
(“eviscerating”) + IF
(Pae = 0, 0, Lae)

—

Washing (2) Lcw2 Log number of E. coli
changed through washing
(2)

Log10CFU/100cm2 RiskBetaGeneral (26.609,
19.752, −11.782, 10.133)

Data simulation

Law2 Log number of E. coli after
washing (2)

Log10CFU/100cm2 Lae-Lcw (2) —

Paw2 Prevalence of E. coli after
washing (2)

— RiskDiscrete ({0, 1},
{0.6182, 0.3818})

Data simulation

Output of E. coli after
washing (2)

Log10CFU/100cm2 RiskOutput [“washing
(2)”] + IF [Paw (2) = 0, 0,
Law (2)]

—

Trimming Lct Log number of E. coli
changed through trimming

Log10CFU/100cm2 RiskBetaGeneral (33.414,
29.533, −17.982, 16.126)

Data simulation

Lat Log number of E. coli after
trimming

Log10CFU/100cm2 Law (2) + Lct —

Pat Prevalence of E. coli after
trimming

— RiskDiscrete ({0, 1}, {0.149,
0.851})

Data simulation

Output of E. coli after
trimming

Log10CFU/100cm2 RiskOutput
(“trimming”) + IF (Pat = 0,
0, Lat)

—

Pre-cooling Lcp Log number of E. coli
changed through
pre-cooling

Log10CFU/100cm2 RiskNormal (0.75094,
3.1227)

Data simulation

Lap Log number of E. coli after
pre-cooling

Log10CFU/100cm2 Lat-Lcp —

Pap Prevalence of E. coli after
pre-cooling

— RiskDiscrete ({0, 1},
{0.3263, 0.6737})

Data simulation

Output of E. coli after
pre-cooling

Log10CFU/100cm2 RiskOutput
(“pre-cooling”) + IF
(Pap = 0, 0, Lap)

—

(Continued)
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TABLE 1 | (Continued)

Swine
slaughterhouses’
size

Module Symbol Description Unit Distribution/model References

Big
slaughterhouses

Skinning m Surface area of a single pig 100cm2 RiskUniform (96, 180) Investigation

Las Log number of E. coli after
skinning

Log10CFU/100cm2 RiskUniform (2.8672,
5.2577)

—

Pas Prevalence of E. coli after
skinning

— RiskDiscrete ({0, 1},
{0.4000, 0.6000})

Data simulation

Output of E. coli after
skinning

Log10CFU/100cm2 RiskOutput (“skinning”) + IF
(Pas = 0, 0, Las)

—

Washing (1) Lcw (1) Log number of E. coli
changed through washing (1)

Log10CFU/100cm2 RiskBetaGeneral (6.4614,
6.2514, −2.7547, 3.3950)

Data simulation

Law (1) Log number of E. coli after
washing (1)

Log10CFU/100cm2 Las-Lcw (1) —

Paw (1) Prevalence of E. coli after
washing (1)

— RiskDiscrete ({0, 1},
{0.4000, 0.6000})

Data simulation

Output of E. coli after
washing (1)

Log10CFU/100cm2 RiskOutput [“washing
(1)”] + IF [Paw (1) = 0, 0,
Law (1)]

—

Eviscerating Lce Log number of E. coli
changed through eviscerating

Log10CFU/100cm2 RiskBetaGeneral (8.0576,
7.9915, −4.4410, 6.2900)

Data simulation

Lae Log number of E. coli after
eviscerating

Log10CFU/100cm2 Law (1) + Lce —

Pae Prevalence of E. coli after
eviscerating

— RiskDiscrete ({0, 1},
{0.5143, 0.4857})

Data simulation

Output of E. coli after
eviscerating

Log10CFU/100cm2 RiskOutput
(“eviscerating”) + IF
(Pac = 0, 0, Lae)

—

Washing (2) Lcw (2) Log number of E. coli
changed through washing (2)

Log10CFU/100cm2 RiskBetaGeneral (16.939,
17.633, −9.6107, 11.382)

Data simulation

Law (2) Log number of E. coli after
washing (2)

Log10CFU/100cm2 Lae-Lcw (2) —

Paw (2) Prevalence of E. coli after
washing (2)

— RiskDiscrete ({0, 1},
{0.6857, 0.3143})

Data simulation

Output of E. coli after
washing (2)

Log10CFU/100cm2 RiskOutput [“washing
(2)”] + IF [Paw (2) = 0, 0,
Law (2)]

—

Trimming Lct Log number of E. coli
changed through trimming

Log10CFU/100cm2 RiskNormal (0.22194,
2.4674)

Data simulation

Lat Log number of E. coli after
trimming

Log10CFU/100cm2 Law (2) + Lct —

Pat Prevalence of E. coli after
trimming

— RiskDiscrete ({0, 1}, {0.133,
0.867})

Data simulation

Output of E. coli after
trimming

Log10CFU/100cm2 RiskOutput
(“trimming”) + IF (Pat = 0,
0, Lat)

—

Pre-cooling Lcp Log number of E. coli
changed through pre-cooling

Log10CFU/100cm2 RiskNormal (1.0892,
3.6776)

Data simulation

Lap Log number of E. coli after
pre-cooling

Log10CFU/100cm2 Law (2)-Lcp —

Pap Prevalence of E. coli after
pre-cooling

— RiskDiscrete ({0, 1},
{0.2667, 0.7333})

Data simulation

Output of E. coli after
pre-cooling

Log10CFU/100cm2 RiskOutput
(“pre-cooling”) + IF
(Pap = 0, 0, Lap)

—

Small
slaughterhouses

Skinning m Surface area of a single pig 100cm2 RiskUniform (96, 180) Investigation

Las Log number of E. coli after
skinning

Log10CFU/100cm2 RiskUniform (4.0586,
5.1097)

—

(Continued)
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TABLE 1 | (Continued)

Swine
slaughterhouses’
size

Module Symbol Description Unit Distribution/model References

Pas Prevalence of E. coli after
skinning

— RiskDiscrete ({0, 1},
{0.3500, 0.6500})

Data simulation

Output of E. coli after
skinning

Log10CFU/100cm2 RiskOutput
(“skinning”) + IF (Pas = 0,
0, Las)

—

Washing (1) Lcw (1) Log number of E. coli
changed through washing (1)

Log10CFU/100cm2 RiskTriang (-0.65974,
0.53949, 1.7135)

Data simulation

Law (1) Log number of E. coli after
washing (1)

Log10CFU/100cm2 Las-Lcw (1) —

Paw (1) Prevalence of E. coli after
washing (1)

— RiskDiscrete ({0, 1},
{0.5000, 0.5000})

Data simulation

Output of E. coli after
washing (1)

Log10CFU/100cm2 RiskOutput [“washing
(1)”] + IF [Paw (1) = 0, 0,
Law (1)]

—

Eviscerating Lce Log number of E. coli
changed through
eviscerating

Log10CFU/100cm2 RiskBetaGeneral (6.8886,
7.0685, −1.3571,
3.7428)

Data simulation

Lae Log number of E. coli after
eviscerating

Log10CFU/100cm2 Law (1) + Lce —

Pae Prevalence of E. coli after
eviscerating

— RiskDiscrete ({0, 1},
{0.2500, 0.7500})

Data simulation

Output of E. coli after
eviscerating

Log10CFU/100cm2 RiskOutput
(“eviscerating”) + IF
(Pac = 0, 0, Lae)

—

Washing (2) Lcw (2) Log number of E. coli
changed through washing (2)

Log10CFU/100cm2 RiskBetaGeneral (22.859,
20.081, −6.4813,
7.6571)

Data simulation

Law (2) Log number of E. coli after
washing (2)

Log10CFU/100cm2 Lae-Lcw (2) —

Paw (2) Prevalence of E. coli after
washing (2)

— RiskDiscrete ({0, 1},
{0.5000, 0.5000})

Data simulation

Output of E. coli after
washing (2)

Log10CFU/100cm2 RiskOutput [“washing
(2)”] + IF [Paw (2) = 0, 0,
Law (2)]

—

Trimming Lct Log number of E. coli
changed through trimming

Log10CFU/100cm2 RiskBetaGeneral (18.039,
16.645, −8.3443,
8.3145)

Data simulation

Lat Log number of E. coli after
trimming

Log10CFU/100cm2 Law (2) + Lct —

Pat Prevalence of E. coli after
trimming

— RiskDiscrete ({0, 1},
{0.214, 0.786})

Data simulation

Output of E. coli after
trimming

Log10CFU/100cm2 RiskOutput
(“trimming”) + IF
(Pat = 0, 0, Lat)

—

Pre-cooling Lcp Log number of E. coli
changed through pre-cooling

Log10CFU/100cm2 RiskNormal (0.12818,
1.9733)

Data simulation

Lap Log number of E. coli after
pre-cooling

Log10CFU/100cm2 Law (2)-Lcp —

Pap Prevalence of E. coli after
pre-cooling

— RiskDiscrete ({0, 1},
{0.5500, 0.4500})

Data simulation

Output of E. coli after
pre-cooling

Log10CFU/100cm2 RiskOutput
(“pre-cooling”) + IF
(Pap = 0, 0, Lap)

—

found that the contamination of E. coli decreased significantly
after washing and pre-cooling (P < 0.01). The number of
E. coli in slaughterhouses of different sizes increased significantly

after eviscerating (P < 0.01), and it had particularly obvious
impact on small slaughterhouses. The number of E. coli after
trimming in slaughterhouses of different sizes also increased.
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FIGURE 1 | Escherichia coli contamination of surfaces of swine carcasses in slaughterhouses of different sizes. (A) Number of E. coli in all swine slaughterhouses.
(B) Number of E. coli in small swine slaughterhouses. (C) Number of E. coli in big swine slaughterhouses. **means the statistical difference between this process and
the previous process is extremely significant (P < 0.01).

In addition, the overall E. coli contamination of carcass
swabs in big slaughterhouses was lower than that in small
slaughterhouses, indicating that the sanitary control of large
slaughterhouses was better.

Establishment of an Escherichia coli
Exposure Assessment Model
Model Simulation of Escherichia coli Contamination
on the Swine Carcass Surface After Pre-cooling
Through the established model for slaughterhouses of different
sizes, we showed that 90% of the E. coli contamination of
a single pig in big slaughterhouses after skinning, washing
(1), eviscerating, washing (2), trimming, and pre-cooling may
be distributed between −4.26 and 10.40 log10 CFU/100 cm2

(Figure 2C), with an average of 2.06 log10 CFU/100 cm2. After the
above processes, 90% of the E. coli contamination of a single pig in
a small slaughterhouse may be distributed between 0.00 and 8.34
log10 CFU/100 cm2 (Figure 2B), with an average of 2.95 log10
CFU/100 cm2. In general, 90% of the E. coli contamination of a
single pig after the above processes may be distributed between
−2.93 and 9.91 log10 CFU/100 cm2 (Figure 2A), with an average
of 2.33 log10 CFU/100 cm2.

Escherichia coli Contamination Pattern During
Slaughtering Simulated by the Model
Through the established exposure assessment model, the total
number of E. coli on the surface of swine carcasses in skinning,
washing (1), eviscerating, washing (2), trimming, and pre-cooling
were further simulated. According to the mean value obtained,
the E. coli contamination pattern on the surfaces of swine
carcasses during slaughtering in slaughterhouses of different
sizes were established (Figure 3). In general, regardless of
slaughterhouse size, the number of E. coli after washing decreased
to some extent, indicating that the washing process can effectively
flush out some E. coli. The number of E. coli increased obviously
after trimming, while it decreased after pre-cooling, especially
in big slaughterhouses. Although the E. coli contamination
pattern of the whole slaughtering processes in large and small
slaughterhouses were the same, the E. coli contamination of
small slaughterhouses was slightly higher than that of large
slaughterhouses, indicating that the overall hygiene condition of
large slaughterhouses was better. In addition, by comparing the

E. coli monitoring data of different slaughterhouses (Figure 1)
with the results of the established model (Figure 3), we found that
the actual monitoring data fell within the 90% confidence interval
of the model simulation results. This indicates that the credibility
of the model was quite good.

Analysis of Key Control Points of Microbial
Contamination Risk
The correlation between the E. coli contamination of the surface
of terminal swine carcasses and the slaughtering processes
were discussed through sensitivity analysis of the parameters in
the exposure assessment model. The risk contribution of each
slaughtering process to the E. coli contamination of the surface
of terminal swine carcasses can be determined. As shown in
Figure 4, the sensitivity analysis in slaughterhouses of different
sizes showed that the trimming process contributed the most to
the risk of E. coli contamination (correlation coefficient of all
slaughterhouses, small slaughterhouses and large slaughterhouses
were 0.49, 0.47, 0.47, respectively), followed by the eviscerating
process (correlation coefficient of all slaughterhouses, small
slaughterhouses and large slaughterhouses were 0.23, 0.25, 0.25,
respectively). Therefore, the trimming process was the most
important key control point affecting the E. coli contamination
on the surfaces of terminal swine carcasses, followed by the
eviscerating process. The pre-cooling and washing processes were
negatively correlated, indicating that they had a positive effect on
reducing the number of E. coli.

The skinning process had a slight risk introduction effect
to the E. coli contamination of the surface of terminal
swine carcasses.

Further Validation of the Exposure
Assessment Model
Contamination State of Salmonella in the
Slaughtering Processes
Two slaughterhouses were randomly selected to isolate and
identify Salmonella on the surface of swine carcasses, and then the
Salmonella isolation rate in the different slaughtering processes
were analyzed (Figure 5). It can be seen from Figure 5 that the
Salmonella isolation rate increased from 4.00% to the maximum
of 26.67% after trimming. Therefore, the contamination state
of Salmonella in different slaughtering processes can support
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FIGURE 2 | Probability distribution of Escherichia coli contamination of swine carcasses after pre-cooling in slaughterhouses of different sizes. (A) Probability
distribution of E. coli contamination of swine carcasses after pre-cooling in all swine slaughterhouses. (B) Probability distribution of E. coli contamination of swine
carcasses after pre-cooling in small swine slaughterhouses. (C) Probability distribution of E. coli contamination of swine carcasses after pre-cooling in big swine
slaughterhouses. N5- Log number of E. coli on swine carcasses after pre-cooling.

FIGURE 3 | Escherichia coli contamination simulated by exposure model of slaughterhouses of different sizes. (A) E. coli contamination simulated by exposure
model of all slaughterhouses. (B) E. coli contamination simulated by exposure model of small swine slaughterhouses. (C) E. coli contamination simulated by
exposure model of big swine slaughterhouses.

FIGURE 4 | Sensitivity analysis of each slaughtering processes in the model. (A) Sensitivity analysis of each slaughtering process in all swine slaughterhouses.
(B) Sensitivity analysis of each slaughtering process in small swine slaughterhouses. (C) Sensitivity analysis of each slaughtering process in big swine
slaughterhouses. Lcp-Log number of Escherichia coli changed through pre-cooling;Lct-Log number of E. coli changed through trimming;Lcw-Log number of E. coli
changed through washing;Lce- Log number of E. coli changed through eviscerating;Las- Log number of E. coli after skinning.

the most important key control point obtained by the exposure
assessment model.

Results of Multilocus Sequence Typing of Escherichia
coli
The typing results show that there were various sequence types
of E. coli in the whole swine-slaughtering chain; 51 E. coli
strains were divided into 32 ST types. The specific typing
results are shown in Supplementary Table 2. The minimum
spanning tree (Figure 6) shows that the most dominant ST
type was ST10, and that ST10 strains could be isolated from all
slaughtering processes. The ST10 strain was also presented in
anal swabs, indicating that ST10 was introduced by the process
of swine breeding. The dominant type in skinning, washing (1),

eviscerating, and washing (2) processes is ST10. ST1434 began to
appear in the trimming process and then became the dominant
type in the trimming and pre-cooling processes. It is worth
noting that ST1434 also included samples from workers’ hands
and appliances. Therefore, the trimming process can be regarded
as the most important risk process, which further proved the
most important key control point obtained by the exposure
assessment model.

DISCUSSION

Risk assessments of food safety are an essential part of
the risk analysis process (FAO/WHO, 2005). Microbial risk
assessments of livestock and poultry products are of great
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FIGURE 5 | Isolation rate of Salmonella in different slaughtering processes.

FIGURE 6 | The minimum spanning tree of 51 strains of Escherichia coli.

significance to improve the quality and safety risk management
system of livestock and poultry products, provide high-quality
livestock and poultry products for consumers, and guide
safety in enterprises’ production. In China, most published
studies on microbiological risk assessments are qualitative,
describing the risk characterization of pathogens in specific
foods (Huang et al., 2017b). In addition, risk assessments in
China are mostly conducted for pathogenic microorganisms
in livestock and poultry products. To our knowledge, there
are no studies on establishing models and carrying out

risk assessments through data monitoring for contamination
using health-indicator bacteria. In other countries, microbial
risk assessments of livestock and poultry products have
focused on consumption risks (Fares and Rouviere, 2010)
or the exposure assessment of chemical hazards and certain
toxins in livestock and poultry products (Flores et al., 2019;
Sanchez-Montero et al., 2019). Therefore, the E. coli exposure
assessment model established in this study not only fills the
gaps in microbial exposure assessment of swine slaughtering
chain to a certain extent, but also further scientifically
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supplements the HACCP system of livestock and poultry
products in China.

The detection level of E. coli, a health-indicator bacterium,
can reflect the potential food risk caused by pathogenic bacteria.
Therefore, the risk assessment of E. coli can strengthen food
hygiene control and reduce the risk of disease. In this study,
skinning, washing (1), eviscerating, washing (2), trimming,
and pre-cooling processes were successively incorporated into
the establishment of the exposure assessment model of
E. coli contamination. The model was used to simulate the
E. coli contamination on the surface of swine carcasses in
differently sized slaughterhouses, and then the contamination
pattern of E. coli was constructed. We concluded that the
contamination level of E. coli in the whole slaughtering process
of big slaughterhouses is lower than in small slaughterhouses.
Therefore, we can illustrate to a certain extent that the
health control of big slaughterhouses is better than that of
small slaughterhouses. This conclusion is consistent with the
monitoring conclusion for E. coli in pork by the USDA
(United States Department of Agriculture, 2011). Because of
the influence of water activity and low temperature of swine
carcasses, the pre-cooling process significantly reduced the E. coli
contamination of the swine carcass surface, especially for big
slaughterhouses. The contamination of E. coli increased to the
maximum after eviscerating, which may be caused by cross-
contamination from a broken gut or the environment.

According to the sensitivity analysis of the model, the most
important key control point is the trimming process whether
in big or small slaughterhouses. ST1434 appeared in the carcass
swabs of the trimming process and then became the dominant
type in this process. ST1434 also existed in the workers’ hands and
appliances swabs, illustrating that there was cross-contamination
between carcasses and the environment in the trimming process.
The contamination carried by environmental factors such as
the workers’ hands or appliances in the trimming process,
spreading downstream along the slaughtering chain. Therefore,
the trimming process can be considered as an important risk
process. The eviscerating process is another key control point; the
reason for the increase of E. coli contamination in this process
may be the eviscerating operation, which led to visceral rupture
and overflow of autologous microorganisms (Huang et al., 2017a;
Crotta et al., 2018) and then contaminated appliances and
workers’ hands and caused cross-contamination. In addition,
according to the typing results, ST1433 and ST101 in the
eviscerating process also existed in the workers’ hands and
appliances. Therefore, it can be reasonably speculated that E. coli
in the environment is closely related to E. coli on carcasses in this
process. The minimum spanning tree showed that ST10 strains
could be isolated from anal swabs and all slaughtering processes,
which indicated that the ST10 was widespread in the slaughtering
chain and was more likely to be carried by the pigs themselves and
spread along the slaughtering chain.

The key control points of swine-slaughtering processes in this
study were different from those of other studies, which mainly
because the different slaughterhouses chosen for the study and
different slaughtering processes. In fact, skinning, eviscerating,
trimming, and cutting may all be the key control points for

microbial contamination. In addition, the key control points of
differently sized slaughterhouses in this study were the same,
which maybe because the slaughtering processes of differently
sized slaughterhouses in Shandong Province is basically the same,
and the appliances and sanitary control measures adopted in
slaughtering were also roughly similar. Using the quantitative
risk assessment model of Salmonella contamination during
swine slaughtering, Zhao et al. (2018) obtained three main key
control points, which were splitting, eviscerating, and scalding;
splitting was also a part of the trimming process. Pearce
et al. (2004) discussed the impact of pig slaughter processes
on carcass microbiology and their potential use as critical
control points (C) during pork production. The main critical
control points they concluded were bleeding and eviscerating.
Yu et al. (1999) investigated swine slaughtering operations in
America to establish their critical control points. Their study
indicated that the polishing and eviscerating processes can be
identified as critical control points. Liu et al. (2013) applied the
HACCP principle to analyze the microbial hazards in chilled-
pork processing. The main key control points they obtained were
bleeding, eviscerating, pre-cooling, cutting, and packaging, of
which the cutting process was the most important key control
point. Our study did not involve the cutting process, but the
trimming and cutting processes used appliances most frequently.
Zhou et al. (2018) considered that eviscerating and polishing were
the main key risk points in the study on the key risk points of
Salmonella during swine slaughtering. Although all kinds of key
control points for pathogenic microorganism risk assessments
in swine-slaughtering process were different, the eviscerating
process and the processes with frequent use of appliances were
often regarded as the key control points in slaughtering (Arguello
et al., 2013). This is consistent with the conclusion we obtained,
that is, that the trimming process is the most important key
control point, and the eviscerating process is the second.

The results of E. coli multilocus sequence typing and
the Salmonella contamination monitoring data show that the
trimming process was the most important key control point, the
same as the conclusion from the exposure assessment model.
The credibility of the constructed exposure assessment model
was verified. Notably, from the actual monitoring data of E. coli
during slaughtering in differently sized slaughterhouses, it can
be found that E. coli contamination is the most serious in the
eviscerating process, but the most important key control point
of the exposure assessment model is the trimming process. We
speculated that this may be because the monitoring data adopted
the commonly used deterministic numerical calculation method
such as the mean value. However, the model simulation was
a statistical analysis of a large number of sample values after
thousands of simulations; the results that met a certain accuracy
were then obtained. Therefore, the exposure assessment model
has more scientific mathematical basis and statistical significance.

Of course, there are some uncertainties in the exposure
evaluation of microorganisms due to various factors. The
uncertainties of the evaluation model established in this
study include firstly the uncertainty of the process and
model. The study assumed that E. coli did not proliferate
throughout the slaughtering processes, but E. coli can
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proliferate in the actual processes. Second is the uncertainty
of slaughtering modes in different slaughterhouses. The model
was based on the slaughtering modes of several representative
enterprises in Shandong; the slaughtering processes of
different enterprises are different, however, because of regional
or policy factors. Therefore, the model is not necessarily
applicable to slaughterhouses with different slaughtering modes.
The uncertainties of the model and the complexities of
microorganisms affect the accuracy and effectiveness of the final
evaluation results.

In this study, an exposure assessment model of E. coli
contamination suitable for the general swine-slaughtering
process in China was established. The results of correlation
analysis showed that the trimming process is the most important
key control point, which can be further proved from different
aspects by using the contamination state of Salmonella and
the multilocus sequence typing results of E. coli. Therefore,
the sanitation control of workers’ hands in the trimming
process should be strengthened in a more targeted manner
to reduce potential cross-contamination as much as possible.
Although this model contained limitations and assumptions,
as with all QMRA, it provides a scientific basis for microbial
hygiene supervision during swine slaughtering, as well as
technical support for the prevention and control of pork-derived
foodborne diseases in the future.
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With widespread use of antibiotics in the aquaculture industry, bacterial resistance has
recently attracted increasing attention. Continuous emergence of multi-resistant bacteria
has greatly threatened human and animal health, as well as the quality and safety of
livestock products. To control bacterial resistance, the effect of bacterial resistance
needs to be well understood. The purpose of this study was to explore the factors
influencing Escherichia coli (E. coli) drug resistance in large-scale pig farms. In this study,
296 strains of E. coli isolated and identified from large-scale pig farms in Beijing were
used as the research objects. In vitro drug sensitivity tests were used to determine
the sensitivity to 10 antibiotics of pig-derived E. coli. SPSS logistic regression was
employed to analyze the effects of the season, pig type, sampling point (medication
type) and sampling location on resistance and multi-drug resistance of E. coli from
pigs. The degrees of drug resistance to 10 antibiotics of the 296 strains of pig-derived
E. coli were varied, their resistance rates were between 4.05 and 97.64%, and their
multi-drug resistance was appalling, with the highest resistance to six antibiotics being
26.35%. The isolated strains were proven more resistant to tetracyclines, penicillin and
chloramphenicol, which are commonly used for disease prevention in pig farms, and
less resistant to quinolones and aminoglycosides, which are not used in pig farms. The
resistance of the isolated strains in spring and summer was generally higher than that in
winter. E. coli resistance in piglets, fattening pigs and sows was more serious than that
in nursery and sick pigs. The results showed that the season, type of medication and
type of pig had an influence on the pig-derived E. coli resistance, among which the type
of medication was the most influencing factor.

Keywords: pig farm, Escherichia coli, multi-drug resistance, factor, antibiotic resistance

INTRODUCTION

Antibiotic resistance (AR) affects treatment of bacterial diseases in humans and animals and will
become one of the major threats facing the world in the future (World Health Organization, 2012;
Centner, 2016; Tornimbene et al., 2018; Borgmann et al., 2020). The main reasons for bacterial
resistance development are the abuse of antibiotics and scarce measures to control the spread of

Abbreviations: E. coli, Escherichia coli; AR, antibiotic resistance; MDR, multi-drug resistance; OR, odds ratio; CLSI, Clinical
and Laboratory Standards Institute.
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resistant bacteria. Antibiotic use generates selective pressure
that is conducive to resistant bacteria development and allows
the bacteria to spread among bacterial populations in humans,
animals and the environment (Baquero, 2011; World Health
Organization, 2012). The research showed that the number of
deaths due to drug-resistant bacterial diseases was estimated
to be 50,000 each year in Europe and the United States.
By 2050, it is estimated that the number of such deaths
in the world will reach 10 million each year, posing a
threat to global economy and biosecurity (Zhang et al., 2017;
Courtenay et al., 2019). In the aquaculture industry and
others, antibiotics are employed to promote animal growth
and to prevent or treat diseases (Cabello, 2006; Sarmah et al.,
2006; Kuang et al., 2020). However, due to antibiotic abuse,
bacteria have increased occurrence of drug resistance as they
increased selective pressure and generated drug resistance
pools (van den Bogaard, 2000; Smith et al., 2002), which not
only diminished treatment options for farmers, but also led
to harder-to-treat animal diseases resulted from multidrug-
resistant (MDR) bacteria (Ramchandani et al., 2005; Michael
et al., 2012). Magiorakos et al. (2012) have claimed that
enterobacteriaceae strains are MDR if they are non-susceptible
to more than one agent in over 3 antimicrobial categories,
extensively drug-resistant (XDR) if they are non-susceptible to
more than one agent in all but over 2 categories and pandrug-
resistant (PDR) if they are non-susceptible to all the listed
antimicrobial agents.

Swine production accounts for a large proportion of global
meat production (Osterberg et al., 2016), and the use of
antibiotics in food animals may lead to the spread of drug-
resistant bacteria from livestock to human through the food chain
(Meemken et al., 2008; Chantziaras et al., 2014). Escherichia coli
(E. coli) is an intestinal symbiotic bacterium that exists in animals
and humans and is susceptible to high selection pressure from
antimicrobial agents in contact with the host. Therefore, E. coli
is often used as a carrier for monitoring antimicrobial resistance
in human or livestock groups (European Food Safety Authority,
and European Centre for Disease Prevention and Control, 2018).
In addition, although E. coli is generally harmless to humans and
animals, it may constitute a resistant gene pool for transmission
of pathogenic bacteria (Marshall et al., 2009), threatening animal
and human health. At present, the prevalence of E. coli extended-
spectrum β-lactamases (ESBLs) is increasing worldwide, which
has attracted extensive attention (Pitout and Laupland, 2008).
ESBLs can destroy β-lactam antibiotics (Malloy and Campos,
2011), causing these antibiotics to lose their antimicrobial activity
and thus making E. coli resistant to antibiotics. E. coli producing
ESBLs in farms may affect public health through environmental
pollution and contaminated animal products (Horton et al.,
2011). Currently, large-scale pig production generally relies
on antibiotics to maintain livestock health and productivity
(Robinson et al., 2017). Antibiotic use in pig production may
be the major reason for AR in pigs, but it may not solely
determine the level of resistance in the pig population. The
season, pig type, herd size, and animal exposure may also
serve as the factors for emergence and persistence of drug-
resistant bacteria.

To understand the factors important for antimicrobial
resistance of E. coli derived from pigs in large-scale pig farms,
a total of 296 strains of E. coli isolated and identified from
large-scale pig farms were chosen, and their susceptibility to 10
antibiotics were determined by the Kirby-Bauer disk diffusion
method in this study. SPSS logistic regression was applied to
analyze the effects of multiple factors on the resistance and
multi-drug resistance (MDR) of pig-derived E. coli, including
the season, pig type, sampling position (medication type) and
sampling location. This study explored the main factors affecting
AR of E. coli in pigs and provided a scientific basis for rational
use of drugs in large-scale pig farms to control growing bacterial
drug resistance.

MATERIALS AND METHODS

Farms
Large-scale pig farms in Shunyi District of Beijing were selected
for a visit. The herds were farrow-to-finish herds with at
least 800 sows, generating 12,000 heads every year. Herds
were visited three times to collect samples for antimicrobial
resistance profiling of (nasal and anal) swabs from E. coli
derived from sick pigs, piglets, sows, nursery pigs, and
fattening pigs.

Isolation and Identification of
Pig-Derived Escherichia coli
After collection, the swab samples were transported to the
laboratory where they were processed within a few hours after
arrival (collected sample information shown in Table 1). The
swab samples were cultured in trypticase soy broth, followed by
overnight incubation at 37◦C, while being shaken at 150 rpm.
Next, 1 µL loopfuls were used to streak onto MacConkey
(MAC) agar plates and incubated for 18–24 h at 36 ± 1◦C.
Typical brick red to peach red single colonies were selected
from MAC and inoculated onto Eosin Methylene Blue (EMB)
agar plates (18–24 h, 36 ± 1◦C). The isolates were examined
according to standard methods of bacteriology and biochemistry.
All bacteriological media were acquired from Beijing Land
Bridge Technology Co., Ltd (Beijing, China). Isolates were
confirmed by 16S rRNA gene sequences, which were 90–100%
homologous to E. coli by BLAST [Sangon Biotech (Shanghai)
Co., Ltd.]. All isolates confirmed as E. coli were tested for
antibiotic resistance.

Test of Escherichia coli Susceptibility to
Antimicrobial Agents
Susceptibility of E. coli isolates was tested on a panel of 10
antimicrobial agents at the 0.5 McF concentration using Kirby-
Bauer disk diffusion method. The Clinical and Laboratory
Standards Institute (CLSI) standards were followed for inoculum
standardization, incubation conditions and internal quality
control organisms (Watts et al., 2013). For some antimicrobial
agents, susceptibility was tested at two or more concentrations,
but resistance was declared only by CLSI-defined resistance
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TABLE 1 | Specific sampling volume of a large-scale pig farm in Shunyi District of Beijing (strain).

Type of pig Spring Summer Winter

Southern area Southern area Northern area Southern area Northern area

Nasal swab Anal swab Nasal swab Anal swab Nasal swab Anal swab Nasal swab Anal swab Nasal swab Anal swab

Piglet — — 5 5 5 5 7 5 5 6

Nursery pig — — 5 5 5 5 9 9 — —

Sow 12 12 6 6 6 6 6 6 6 6

Sick pig 10 — 6 4 5 6 — — — —

Fattening pig 40 — 20 — 10 10 10 — 13 12

Total 74 125 100

TABLE 2 | Interpretation criteria for the diameter of the inhibition zone of E. coli.

Class Antimicrobial Antibiotic disc (µg/piece) Interpretation criteria (mm)

S I R

Chloramphenicol Florfenicol 30 ≥19 15–18 ≤14

Semisynthetic penicillin
broad-spectrum
β-lactam

Amoxicillin 20 ≥18 14–17 ≤13

Tetracycline Doxycycline 30 ≥16 13–15 ≤12

Quinolone Enrofloxacin 10 ≥17 13–16 ≤12

Macrolide Erythromycin 15 ≥23 14–22 ≤13

Sulfonamide synergist Trimethoprim 5 ≥16 11–15 ≤10

Aminoglycoside Gentamicin 10 ≥15 13–14 ≤12

Quinolone Ciprofloxacin 5 ≥21 16–20 ≤15

Tetracycline Tetracycline 30 ≥15 12–14 ≤11

Chloramphenicol Chloramphenicol 30 ≥18 13–17 ≤12

breakpoints (Table 2). E. coli ATCC25922 was used for
quality control.

Data Management and Statistical
Analysis
Microsoft Excel was used to include all data, and all the data
were classified and a library was constructed using Statistical
Product and Service Solutions (SPSS, IBM SPSS Statistics version
23) software. Single-factor binary logistic regression was utilized
to analyze the effects of four factors, including the season, type
of pig, sampling position and sampling location, on resistance
of E. coli, and the specific assignment instructions were shown
in Supplementary Table 1. Based on the odds ratio (OR) value,
95% confidence interval and P-value of the OR value were
employed to identify possible influencing factors. Then, these
influencing factors were added for multivariate binary logistic
regression analysis, and significant factors affecting E. coli drug
resistance were analyzed with P < 0.05 (statistically significant)
and OR 6= 1.

By single-factor multiple logistic regression, the influence
of four factors on MDR of E. coli was analyzed, and specific
assignment instructions were listed in Supplementary Table 2.
The 95% confidence interval and P-value of the OR value helped
screen out possible associations with MDR of E. coli. Significant
factors that affect MDR of E. coli were analyzed by adding

the selected influencing factors to multi-factor multiple logistic
regression analysis based on the magnitude of the OR value with
P < 0.05 as the significant difference and OR 6= 1, and then the
main way that could affect MDR of E. coli was analyzed.

RESULTS

Impact Factors of Antimicrobial
Resistance to 10 Antibiotics of
Pig-Derived Escherichia coli
A total of 296 strains identified as E. coli were tested for
their resistance to 10 antibiotics by drug susceptibility. From
Supplementary Table 3, the strains were known highly sensitive
to quinolones (enrofloxacin and ciprofloxacin), with the drug
resistance rates of only about 4%. In contrast, the tested
bacteria showed poor sensitivity to tetracycline drugs including
doxycycline, tetracycline and amoxicillin, with the resistance
rates being 91.55, 97.64, and 93.24%, respectively. The rate of
AR to the banned drug chloramphenicol was 54.39%, which
was similar to the special drug florfenicol (68.92%). However,
the intermediate sensitivity of the tested bacteria was 0.34% to
florfenicol, in contrast with 21.96% to chloramphenicol. The
rates of resistance of the tested bacteria to trimethoprim and
gentamicin were 68.92 and 15.54%, respectively, and that to
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macrolide antibiotic erythromycin was 28.72%, which mainly
showed an intermediate result (65.54%).

Single-Factor Binary Logistic Regression
Analysis of Pig-Derived Escherichia coli
Resistance in Different Seasons
Herein, pig-derived E. coli resistance in different seasons was
evaluated, and the results were shown in Figure 1A and
Supplementary Table 4. The resistance to the 10 antibiotics of the
tested bacteria isolated from the samples in spring and summer
was higher than in winter. The tested bacteria exhibited high
resistance to amoxicillin, tetracycline, and doxycycline despite the
season, and their resistance rates were all higher than 90%. The
distribution of the tested bacteria’s susceptibility to enrofloxacin
and ciprofloxacin was concentrated in spring, summer and
winter, and the AR rates were lower than 4% in spring and
winter and slightly higher than 8% in summer. The resistance to
erythromycin of the tested bacteria was relatively low in spring,
summer and winter, with the highest rate of 35.77% in summer
and the average rate of 27.74% in these three seasons. It was
mainly distributed near the intermediate value, and the results
indicated that the tested bacteria might have potential resistance
to erythromycin. The tested bacteria were higher resistant to
trimethoprim, with an average resistance rate of 69.42%. The
drug resistance rate in spring was higher than that in summer
and winter, not being an intermediate value. The tested bacteria
were more sensitive to gentamicin, with an average resistance rate
of 14.55%, and their rates were arranged in descending order in
summer (22.76%), in spring (12.94%) and in winter (7.95%).

In order to better understand the influence of seasons on E. coli
resistance, binary logistic regression analysis was employed. AR
of E. coli isolated from the samples collected in winter was used as
a reference and the results were given in Supplementary Table 5.
It could be seen from the table that there was a significant increase
in resistance of E. coli sampled in spring and summer to all the
10 antibiotics except tetracycline. Compared with E. coli sampled
in winter, what was sampled in spring and summer showed a
significant difference in resistance to florfenicol, and the OR value
of florfenicol (2.963) was higher than other antibiotics in spring.
Moreover, E. coli resistance to gentamicin and erythromycin in
summer was significantly different from what was in winter, and
the OR values were 3.411 and 1.894, respectively.

Single-Factor Binary Logistic Regression
Analysis of Resistance of Escherichia
coli Derived From Different Types of Pigs
Resistance of E. coli isolated from different types of pigs (sick
pigs, piglets, sows, nursery pig and fattening pigs) was evaluated,
and the results were shown in Figure 1B and Supplementary
Table 6. Overall, the rates of resistance to amoxicillin, tetracycline
and doxycycline of the tested bacteria isolated from all types
of pigs were high (>86%), and resistance to two quinolones
(enrofloxacin and ciprofloxacin) was very low, as the tested
bacteria isolated from all pig types showed low AR. The resistance
to the two antibiotics of piglets, nursery pigs and sick pigs
was higher than that of sows and fattening pigs, with the

resistance of nursery pigs shifting from sensitive to intermediate.
The resistance to erythromycin of the tested bacteria isolated
from piglets, sows and fattening pigs was mainly within the
intermediate range, and their resistance rates were low. However,
the resistance was higher than that of nursery pigs and sick
pigs, especially for that isolated from nursery pigs, for which the
resistance rate was 66.67%, and the sensitivity to erythromycin of
the tested bacteria began to shift from intermediate to resistant.
The tested bacteria isolated from different pig types showed high
resistance to trimethoprim, with an average AR rate of 69.88%,
and there was no great difference in these pig types. The tested
bacteria isolated from piglets and nursery pigs showed high
resistance to gentamicin, with the resistance rates of 38.89 and
22.22%, respectively, while the AR rates of the tested bacteria
isolated from sows, fattening pigs and sick pigs were low. The
tested bacteria isolated from nursery pigs and sick pigs showed
high resistance to florfenicol, reaching resistance rates of more
than 90%, while the resistance of the tested bacteria isolated
from other pig types was relatively low. Similar to florfenicol, the
tested bacteria isolated from nursery pigs and sick pigs showed
higher resistance to chloramphenicol, with the AR rates reaching
75%. The resistance to chloramphenicol of the tested bacteria
isolated from piglets, sows and fattening pigs was low, but the
susceptibility mainly fell into the intermediate range, and there
was a tendency of changing to resistant.

To understand the influence of pig types on resistance of
E. coli, binary logistic regression analysis was exploited in this
study. AR to 10 antibiotics of E. coli isolated from piglets was used
as a reference, and all the results were shown in Supplementary
Table 7. The AR of E. coli in nursery pigs and sick pigs was
relatively serious. Compared with piglets, significant differences
existed in resistance to florfenicol of E. coli from nursery pigs,
fattening pigs and sick pigs, and the resistance to florfenicol
was very serious in nursery pigs (OR = 12.294). Compared with
piglets, resistance to chloramphenicol of E. coli from nursery pigs,
fattening pigs and sick pigs was also significantly different, and
resistance of E. coli in nursery pigs was more serious than that in
fattening pigs and sick pigs (OR = 6). Similarly, compared with
piglets, resistance to erythromycin of E. coli from nursery pigs
was significantly different (OR = 7). Compared with piglets, there
were considerable differences in gentamicin resistance among
fattening pigs, sows and sick pigs. By comparing the OR values, it
could be found that resistance of piglets to gentamicin was more
serious. The results of resistance to florfenicol, chloramphenicol,
erythromycin, and gentamicin of E. coli isolated from different
pig types obtained by binary logistic regression analysis were
consistent with those obtained by drug resistance analysis. In
short, a significant correlation was presented between pig types
and E. coli resistance.

Single-Factor Binary Logistic Regression
Analysis of Resistance of Escherichia
coli Derived From Different Sampling
Positions of Pigs
The influence of E. coli on antibiotic sensitivity was analyzed
according to different sampling sites, and the results were shown
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FIGURE 1 | (A) Susceptibility of pig-derived E. coli to different antibiotics in different seasons; (B) susceptibility of E. coli derived from different types of pigs to
different antibiotics; (C) susceptibility of E. coli derived from different sampling positions of pigs to different antibiotics; (D) susceptibility of E. coli derived from pigs in
different sampling locations to different antibiotics.

in Figure 1C and Supplementary Table 8. The overall resistance
to antibiotics other than florfenicol and trimethoprim of the
bacteria isolated from nasal swabs and anal swabs basically
remained the same. The resistance to amoxicillin, tetracycline
and doxycycline of the tested bacteria was divided into two
parts, and their resistance rates were all above 90%. The
resistance to enrofloxacin and ciprofloxacin was low, despite
the resistance of the tested bacteria from nasal swabs was
slightly higher than from anal swabs, especially to florfenicol
and trimethoprim.

To understand the influence of sampling positions on
resistance of E. coli, binary logistic regression analysis was
utilized. Resistance to 10 antibiotics of E. coli isolated from nasal

swabs was used as a reference and the results were listed in
Supplementary Table 9. There was a significant difference in
resistance to florfenicol of E. coli from anal and nasal swabs, and
the OR values were 0.589, showing that E. coli from nasal swabs
was more resistant to florfenicol.

Single-Factor Binary Logistic Regression
Analysis of Resistance of Pig-Derived
Escherichia coli From Different Sampling
Locations
The antibiotic sensitivity of E. coli from pigs was statistically
analyzed according to different sampling locations, and the
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results were shown in Figure 1D and Supplementary Table 10.
The resistance to amoxicillin, tetracycline and doxycycline
of the tested bacteria in the southern and northern areas
was concentrated (above 90%) except for the tested bacteria’s
AR to doxycycline in the northern area (89.42%). It may
be attributed to the fact that amoxicillin, tetracycline and
doxycycline were used in both the northern and southern
areas, which caused high rates of resistance to these three
antibiotics. In the northern and southern areas, the tested bacteria
were more sensitive to enrofloxacin and ciprofloxacin, and the
resistance rates were less than 6%. The tested bacteria in the
southern area were slightly more resistant to erythromycin
than in the northern area, and they were mainly distributed
around the intermediate area, indicating that the tested bacteria
in the northern and southern areas are potentially resistant
to erythromycin. The tested bacteria had high resistance to
trimethoprim and the average resistance rate was 67.89%. The
sensitivity to gentamicin of the isolates from the northern and
southern areas was relatively high, and the average resistance
rate was 15.28%.

The tested bacteria isolated from the southern area had
higher resistance to florfenicol and chloramphenicol, reaching
the resistance rates of 80.21 and 62.5%, respectively, compared
with those from the northern area, with their respective resistance
rates of 49.04 and 39.42%. The differences in drug use in the
northern and southern areas may be the reason for disparate
E. coli resistance. Chloramphenicol, banned for veterinary use,
possessed a high drug resistance rate for E. coli from pigs, similar
to florfenicol. The possible reason is that both drugs belong to the
class of chloramphenicol and have been affected by the spread of
resistance genes.

To understand the influence of sampling locations on
resistance of E. coli, binary logistic regression analysis was
utilized. The resistance to 10 antibiotics of E. coli isolated from
the northern area was used as a reference and the results were
listed in Supplementary Table 11. It could be seen from the
table that there was a significant increase in resistance of E. coli
sampled from the southern area to all the 10 antibiotics except
tetracycline. Moreover, resistance to florfenicol, chloramphenicol
and erythromycin of E. coli from the southern area was
significantly different from what was from the northern area, and
the OR values were 4.035, 2.561, and 1.82, respectively.

Multi-Factor Binary Logistic Regression
Analysis of Pig-Derived Escherichia coli
Resistance
Single-factor binary logistic regression analysis was applied to
analyze the relationship between the four factors and pig-
derived E. coli resistance. There was a significant correlation
between AR of E. coli and the sampling season, pig type and
sampling location. The three factors were introduced into the
logistic regression equation for multivariate logistic regression
analysis. It could be seen from Figure 2 that resistance to
florfenicol, chloramphenicol and erythromycin of the tested
bacteria in the southern area was significantly higher than
that in the northern area. The results demonstrated that

FIGURE 2 | Effects of different sampling locations on pig-derived E. coli
resistance. The middle box is the OR value representing the odds ratio of
E. coli resistance to antibiotics in the southern area compared with that in the
northern area, the horizontal line is 95% confidence interval, *p < 0.05, and
**p < 0.001.

although some antibiotics did not show a tremendous difference,
the overall rate of E. coli resistance to all antibiotics except
tetracycline in the southern area was higher than that in
the northern area.

From Figure 3A, it can be seen that gentamicin resistance
of the experimental bacteria isolated in spring was significantly
higher than that in winter, and other antibiotics did not show
any significant difference. In summer (Figure 3B), resistance to
florfenicol, erythromycin, ciprofloxacin and gentamicin of the
tested bacteria was significantly higher than that in winter, and
the rates of resistance to other antibiotics except tetracycline
were higher than that in winter, although there was no
substantial difference. The results implied that resistance to
antibiotics of the tested bacteria in spring and summer was
more serious than that in winter. The causes may be a higher
incidence rate of pigs in spring and summer and more serious
transmission of pathogens.

Figure 4 shows the effects of different pig types on drug
resistance of E. coli from pigs. The rates of resistance to
all antibiotics except gentamicin in nursery pigs were higher
than that in piglets (Figure 4A). Resistance to erythromycin,
chloramphenicol, and florfenicol was vastly different. It can
be seen from Figure 4B that the rates of resistance to all
antibiotics except erythromycin, chloramphenicol and florfenicol
of the experimental bacteria in sick pigs were lower than that
in piglets. It was also obvious in Figure 4C that the resistance
rate of sows was low, indicating that sows and piglets have
similar drug resistance to antibiotics and may possess a vertical
transmission risk. It can be seen from Figure 4D that the rates
of resistance to all antibiotics except chloramphenicol, florfenicol
and tetracycline of the tested bacteria in fattening pigs were lower
than that in piglets.

According to the above results, E. coli isolated from
nursery pigs was more drug-resistant than others. In terms
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FIGURE 3 | Effects of different sampling seasons on pig-derived E. coli resistance. The middle box is the OR value representing the odds ratio of E. coli resistance to
antibiotics in spring (A) and summer (B) compared to that in winter, the horizontal line is 95% confidence interval, *p < 0.05, and **p < 0.001.

FIGURE 4 | Effects of different pig types on pig-derived E. coli resistance. The middle box is the OR value representing the odds ratio of E. coli resistance to
antibiotics in nursery pigs (A), sick pigs (B), sows (C) and fattening pigs (D) compared to piglets, the horizontal line is 95% confidence interval, *p < 0.05, and
**p < 0.001.
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of antibiotics, resistance to gentamicin of piglets was higher
than that of other pig types; compared with piglets, E. coli
from other types of pigs had higher resistance to florfenicol
and chloramphenicol. Among them, AR of nursery pigs was
the most serious, which may be caused by different growth
environments of these pigs. In the process of breeding,
pigs are nurtured in different environments at different
growth stages, and piglets and nursery pigs grow intensively.
Moreover, pigs at this age have low immunity, being prone
to diseases, which may lead to E. coli AR enhancement.
Through multivariate binary logistic regression analysis, it can
be seen that antibiotic use, pig growth status and environment
have impacts on transmission of E. coli drug resistance;
meanwhile, there may also be vertical transmission of AR from
sows to piglets.

Analysis of Multiple Factors Influencing
Resistance to 10 Antibiotics of
Pig-Derived Escherichia coli Isolates
A total of 296 isolates of E. coli were cultured and tested for
susceptibility using a panel of 10 antimicrobials, and the results
were listed in Table 3. All the isolates were resistant to the
antibiotics, among which 14.53% were resistant to less than 3
antibiotics, and 26.35% were resistant to 6 antibiotics, accounting
for the largest proportion. There was even one strain of E. coli
resistant to all the antibiotics tested.

Single-Factor Multiple Logistic
Regression Analysis of
Multidrug-Resistant of Escherichia coli
Derived From Pigs in Different Sampling
Seasons
The E. coli MDR results were statistically analyzed according
to different sampling seasons, as shown in Supplementary
Table 12. The analysis focused on resistance to 1–8 antibiotics
in spring and winter and to 1–10 antibiotics in summer. One
strain of E. coli was resistant to all the tested antibiotics. In all
the three seasons, 5–6 kinds of antibiotics were predominant
in MDR analysis, but the median of MDR in winter was
lower than that in spring and summer, indicating that the
prevalence of MDR in spring and summer was more serious
than that in winter. In all, extreme drug resistance of E. coli
in summer was the most serious. According to Brower
et al. (2017) since several antimicrobials did not follow a
normal distribution, a categorical variable describing multidrug
resistance was constructed with four levels [0 = susceptible,
1 = singly resistant, 2–4 = moderately multidrug-resistant
(MDR), > 4 = extremely MDR].

According to Supplementary Table 13, compared with
extreme drug resistance, MDR of E. coli in spring was 0.293 times
that in winter (CI: 0.143–0.599; P < 0.001), revealing that E. coli
in winter tended to be more multi-drug resistant than that in
spring. Meanwhile, MDR of E. coli in summer was 0.629 times
higher than that in winter. Although there was no significant
difference, E. coli tended to be more extremely resistant in

summer than in winter. In spring and summer, the prevalence
of E. coli resistance was more serious.

Single-Factor Multiple Logistic
Regression Analysis of
Multidrug-Resistant of Escherichia coli
Derived From Different Types of Pigs
The E. coli MDR results were statistically analyzed according
to different pig types, as shown in Supplementary Table 14.
MDR of sick pigs, fattening pigs, sows and piglets was mainly
concentrated in 4–5 antibiotics, while that of nursery pigs was
mainly concentrated in 7–8 antibiotics, demonstrating that the
prevalence of extreme AR of nursery pigs was more serious.

According to Supplementary Table 15, with extreme drug
resistance considered, the MDR odds of E. coli from nursery
pigs were 0.229 times that of piglets (CI: 0.065–0.804; P < 0.05),
indicating that E. coli from nursery pigs was more likely to obtain
extreme drug resistance than piglets. It also showed that the
distribution of E. coli resistance in piglets and sows was similar.
The comparison of the OR values showed that there was little
difference in MDR between piglets and sows (OR = 1.013). From
the analysis of different pig types, the extreme drug resistance
of E. coli in nursery pigs was more serious, and there was a
possibility of vertical transmission from sows to piglets.

Single-Factor Multiple Logistic
Regression Analysis of
Multidrug-Resistant of Escherichia coli
Derived From Different Sampling
Positions of Pigs
E. coli MDR was statistically analyzed according to different
sampling sites of E. coli from pigs, and the results were displayed
in Supplementary Table 16. MDR of E. coli from nasal swabs
and anal swabs was mainly concentrated in 5–6 antibiotics and
the results were listed in Supplementary Table 17. Compared
with those from anal swabs, E. coli from nasal swabs was mostly
concentrated in the MDR category, and extreme resistance of
E. coli from anal swabs was more serious. Meanwhile, there
was no significant difference between the two. Therefore, the
sampling position was not used as a dependent variable for
multi-factor multinomial logistic analysis.

Single-Factor Multiple Logistic
Regression Analysis of
Multidrug-Resistant of Escherichia coli
Derived From Pigs in Different Sampling
Locations
MDR of E. coli from pigs was analyzed according to
different sampling locations, and the results were shown in
Supplementary Table 18. MDR in the southern area was mainly
concentrated in 5–7 antibiotics, while that in the northern area
was mainly concentrated in 3–5 antibiotics, suggesting that the
prevalence of extreme drug resistance of E. coli was more serious
in the southern area.
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TABLE 3 | Multi-drug resistance results of isolated pig-derived E. coli.

Multi-drug
resistance

Number (%) of
drug-resistant strains

Multi-drug
resistance

Number (%) of
drug-resistant strains

n = 296 n = 296

0 0 6 78 (26.35)

1 3 (1.01) 7 46 (15.54)

2 10 (3.38) 8 13 (4.39)

3 30 (10.14) 9 5 (1.69)

4 45 (15.2) 10 1 (0.34)

5 65 (21.96)

According to Supplementary Table 19, compared with
extreme drug resistance, the MDR odds of E. coli in the northern
area were 4.851 times higher (CI: 2.831–8.312; P < 0.001)
than those in the southern area. Resistance of E. coli in the
southern area was more prone to extreme drug resistance than
that in the northern area. Analysis from different sampling
locations demonstrated that the prevalence of MDR and
resistance to 10 antibiotics of E. coli in the southern area
was higher than those in the northern area, indicating that
the sampling location was an important factor affecting E. coli
drug resistance.

Multi-Factor Multiple Logistic
Regression Analysis of
Multidrug-Resistant to 10 Antibiotics of
Pig-Derived Escherichia coli
Single-element multiple logistic regression was used to analyze
the relationship between the four factors and MDR of E. coli from
pigs. Among them, the sampling season, pig type and sampling
location were significantly associated with MDR of pig-derived
E. coli. The three factors were introduced into logistic regression
equation to carry out multi-factor multiple logistic regression
analysis. According to Supplementary Table 20, compared with
extreme drug resistance, MDR of E. coli in the northern area
was 4.113 times that in the southern area (CI: 2.144–7.89;
P < 0.001), which indicated that E. coli in the southern area
was more likely to produce extreme drug resistance than that
in the northern area. After logistic regression analysis of the
three factors at the same time, only the sampling location was
significant, revealing that it was the main factor affecting MDR
of E. coli from pigs. The biggest difference between the two
sampling locations was caused by the type of drug used. The use
of antibiotics was an important factor affecting extreme AR of
E. coli from pigs.

Detection and Analysis of Extended
Spectrum β-Lactamases in Isolated
Pig-Derived Escherichia coli
The expression of extended spectrum β-lactamases (ESBLs) in 85
strains of E. coli isolated from pig farms in spring was detected
by paper agar amplification. There was only one strain (1.18%)
of E. coli that can produce ESBLs, and the results were given in
Supplementary Table 21.

DISCUSSION

By exploring the differences in resistance of pig-derived E. coli
based on types of drugs, pig types, seasons and sampling
locations, it is possible to find out the risk factors that trigger
bacterial resistance in the pig breeding process and to analyze the
factors affecting bacterial resistance, which provides a theoretical
basis for mitigating the transmission of drug resistance of E. coli.

Comprehensive analysis of AR and MDR distribution
of pig-derived E. coli revealed that E. coli is especially
sensitive to quinolones and aminoglycoside drugs, highly
resistant to tetracyclines and penicillin, and relatively resistant
to sulfonamides and chloramphenicol. The rate of E. coli
resistance to erythromycin is low, mainly concentrated between
susceptibility and resistance, indicating that E. coli is potentially
resistant to erythromycin. This warns farmers that use of
macrolide drugs should be controlled to reduce the risk of
E. coli resistance to macrolide drugs. Pig-derived E. coli is
mainly resistant to 5–6 kinds of antibiotics, and the ratio of
resistance to more than 3 kinds of drugs is 85.47%, indicating
that resistance of E. coli in farms is relatively serious. Similar
E. coli resistance results have been found in the study that
tested pig farms in France, Italy, Denmark and Sweden (Burow
et al., 2019). A study has also shown that pig-derived E. coli
is highly resistant to tetracyclines and penicillin and relatively
more sensitive to aminoglycoside drugs in pig farms in Thailand
(Strom et al., 2017), which is similar to our results. Zhang
et al. (2017) studied the resistance trend of E. coli in food
animals in China from 2008 to 2015 and discovered that
pig-derived E. coli has high MDR in the country, and the
rates of resistance to several earlier drugs such as ampicillin
and tetracycline are high (> 80%), suggesting that pig-derived
E. coli in global pig farms is highly resistant to tetracyclines,
penicillin, and sulfonamides, which may be related to long-
term, widespread use of these three types of drugs in the pig-
feeding industry.

Infections caused by MDR Gram-negative bacteria could be
treated by colistin, which has been utilized as the last-resort
antimicrobial. Colistin resistance, which is especially associated
with mobile genetic elements, such as (mcr) genes, emerged as
a major threat to the control of infections caused by Gram-
negative bacteria. Dadashi et al. (2021) investigated the global
prevalence of mcr-mediated colistin-resistant E. coli clinical
isolates in Oceania, Africa, America, Europe, and Asia, which
were 0.32, 2.27, 5.19, 25.49, and 66.72, respectively. Their research
included 79% of the works published between 2014 and 2020
(Dadashi et al., 2021). Shen et al. (2018) investigated 774 non-
duplicate MCR-1-positive E. coli (MCRPEC) isolates from 774
stool samples collected from 5,159 healthy individuals in 30
provinces and municipalities in 2016, with MCRPEC prevalence
ranging from 3.7 to 32.7% (average: 15.0%)—substantially higher
than previously reported (Shen et al., 2018).

As human aplastic anemia and certain reproductive/
hepatotoxic issues in animals could be induced by
chloramphenicol, its use in food, feed, medicine and aquaculture
production has been banned for at least 20 years in different parts
of the world (Sathya et al., 2020; Wang et al., 2021). Since 2002,
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China has clearly stipulated that chloramphenicol is prohibited
in animal-source foods, as described in Announcement No.
235, “Maximum Residue Limits of Veterinary Drugs in Foods
of Animal Origin.” Similarly, concerns about the use of
chloramphenicol were expressed and related regulations were
set by different countries and regions including the US, Canada,
European Union, Australia, Japan, and Brazil, because of
bacterial resistance to chloramphenicol and associated clinical
toxicity (Barreto et al., 2016). When it is exposed to antimicrobial
organisms that are multidrug resistant, its resistance to unrelated
drugs will increase. According to the relationship between
aminoglycoside and chloramphenicol resistance genes indicated
by many previous studies, existence of aminoglycosides and
macrolides in lactating piglets may lead to persistence of
chloramphenicol resistance in growing pigs (Bischoff et al., 2005;
Travis et al., 2006).

Among all types of pigs, nursery pigs and sick pigs had
more serious E. coli resistance than piglets, fattening pigs and
sows, and the epidemic situation of extreme drug resistance
of E. coli was more serious in nursery pigs. SPSS logistic
regression equation was used to analyze the effects of pig types
on AR and MDR of pig-derived E. coli. It was found that
E. coli resistance for piglets and nursery pigs in pig farms
was more serious, which was similar to the situation in pig
farms in Liaoning and other provinces, indicating that most
pig farms were facing high E. coli AR in piglets and nursery
pigs across the country. This may be ascribed to younger ages
of piglets and nursery pigs, underdevelopment of their bodies,
low immunity and susceptibility to diseases. In the treatment
process, resistance of E. coli is further enhanced due to the
influence of selective pressure. The spread of infectious diseases
in pig farms is affected by many factors such as the feeding
mode and disease control, herd size, biosecurity and sanitation
level (Alvarez-Ordonez et al., 2013; Laanen et al., 2013). These
factors may vary between herds and countries and indirectly
lead to resistance.

In addition, the feeding mode in pig farms is influential
in spreading pathogens and resistant bacteria (Liebana et al.,
2013; Tobias et al., 2014). Limited transmission between pig
herds reduces the spread of infectious diseases and drug-resistant
bacteria, which in turn mitigates bacterial resistance in pigs
and ensures healthy growth of pigs. A study has shown that
colonization of bacteria in the intestinal tract of newborns is
affected by environmental microbiota of mothers and early
delivery rooms (Chen et al., 2018). Belloc et al. (2005) found that
piglets from sows treated with quinolones after delivery showed
quinolone-resistant E. coli, while pigs treated with quinolones 2
months after delivery had less quinolone-resistant E. coli. It has
also been found that sows treated with lincomycin/macrolides
have a higher risk of carrying enrofloxacin-resistant bacteria in
their piglets, suggesting that development of bacterial resistance
is not limited to used antibiotics (Callens et al., 2015). The results
of this investigation showed that distribution of E. coli resistance
in piglets and sows was similar, and there was a possibility of
vertical transmission of E. coli resistance from sows to piglets.

In terms of sampling locations, multi-drug resistance in the
southern area was mainly concentrated in 5–7 antibiotics, while

that in the northern area was mainly concentrated in 3–5
antibiotics. SPSS logistic regression equation was employed to
analyze the effects of sampling locations on drug resistance and
MDR of pig-derived E. coli. It was found that compared with
the northern area, E. coli in the southern area was associated
with a significant increase in resistance to all antibiotics
except tetracycline, and the epidemic situation of extreme drug
resistance of E. coli in the southern area was more serious. The
results suggested that E. coli resistance in the southern part of the
country was more serious than the northern part.

In the preliminary investigation of pig farms, it was
found that there were differences in the types of drugs
used in the two areas. Amoxicillin, doxycycline, florfenicol,
and tilmicosin were used in the southern area, while
amoxicillin, doxycycline and Yuanlanjing were mainly
used in the northern area. The results demonstrated that
resistance of E. coli to amoxicillin and doxycycline was
relatively high in these two areas, indicating that frequent
use of these two drugs in pig farms may impose pressure
on bacterial selection and lead to AR. It is worth noting
that resistance of E. coli to florfenicol in the southern area
is significantly higher than that in the northern area. By
studying drug use in the two areas, it can be found that
drug use is significantly related to formation of bacterial
resistance. A total ban on certain antibiotics used for growth
promotion (tetracyclines, glycopeptides, and macrolides) and for
therapeutic purposes (cephalosporins) in the Netherlands
revealed a relationship between antimicrobial use and
antimicrobial resistance (Speksnijder et al., 2015), resembling the
results of this study.

A study has discovered that there is no resistance to cefotaxime
of pig-derived E. coli in France, Italy, Denmark and Sweden,
which is similar to the results of this test, indicating that resistance
to the third-generation cephalosporin of E. coli obtained from
pig farms is low. However, this does not rule out resistance to
the third-generation cephalosporin of certain E. coli in swine
intestinal flora. Therefore, unless cefotaxime-resistant strains are
selectively cultured, the actual degree of this low-level resistance
cannot be guaranteed. Zhang et al. (2017) found that the rate
of resistance to cefotaxime of E. coli from chickens and pigs in
China increased from 25.60% in 2008 to 46.91% in 2012, and
then dropped to 35.08% in 2015. Compared with EU countries
and the United States, the overall rate of resistance to the third-
generation cephalosporin in pig farms in China is relatively high
(Osterberg et al., 2016), implying that new drugs should be used
rationally in livestock and poultry farms in China to prolong the
usage of new drugs.

CONCLUSION

A total of 85 isolated pig-derived E. coli in spring were
detected, and there was one strain that could produce
ESBLs, while 296 strains of identified E. coli were tested
for resistance to 10 antibiotics by the drug susceptibility
method. The rates of resistance to quinolone, amoxicillin and
tetracycline, chloramphenicol and sulfonamides, gentamicin and
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erythromycin of the tested bacteria were, respectively, about
4%, > 90%, between 50 and 70%, 15.54, and 28.72%. According
to the results of resistance to 10 antibiotics of 296 pig-derived
E. coli, the proportion of resistance was 10.14% to 3 antibiotics,
15.2% to 4 antibiotics, 21.96% to 5 antibiotics, 26.35% to 6
antibiotics, 15.54% to 7 antibiotics, 4.39% to 8 antibiotics and
1.69% to 9 antibiotics. There was only one strain (sample 88)
of E. coli resistant to all tested antibiotics, defining its relatively
high resistance.

In this paper, the effects of seasons, pig types, sampling
positions (medication type) and sampling locations on drug
resistance and MDR of E. coli isolated from pigs were analyzed
and it was found that there were significant differences in AR
and MDR of E. coli from pigs. Among these factors, drug types
significantly affected AR and MDR of E. coli isolated from pigs.
In conclusion, the seasonal change, selective drug use and type of
pig have impacts on AR of E. coli from pigs according to SPSS
logistic regression analysis. The experimental comparison results
implied that the medication type was the main factor affecting
AR of E. coli.
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The lack of rapid and effective approaches to determine the health benefits of
strains is one of the main challenges affecting the selection of probiotics from large
numbers of candidates. In this study, the probiotic potential of 44 Lactiplantibacillus
plantarum strains isolated from different Chinese traditional fermented foods was
evaluated, including acid and bile salt resistance, adhesion ability, survival in simulated
human gastrointestinal transit, antioxidant activity, bile salt hydrolase (BSH) activity, and
antibacterial activity. All tested L. plantarum strains showed high antioxidant capacity,
BSH activity, and antibacterial activity. Among the strains, B652, C232, D444, and E932
were identified as the best comprehensive performed strains, which were selected for
whole-genome sequencing, in order to provide clear information and identify key genes
responsible for functional characteristics in vitro. It demonstrated that the antioxidant
activity, adhesion activity, and ability to survive in the simulated gastric environment
were found to be closely correlated with antioxidant enzyme encoding genes, cell-
surface protein-encoding genes, and stress response genes, respectively. The numbers
of functional genes present in strains might decide their performance in probiotic
profile evaluation. The outcome of the study could support the development of a novel
approach for the screening and identification of probiotics.

Keywords: fermented food, probiotic profile, whole genome sequencing, functional genes, Lactiplantibacillus
plantarum

INTRODUCTION

The history of fermented food can be traced back to thousand years ago. In ancient times,
fermentation was a common way for food preservation and processing. At present, fermented food
plays an important role in human diets due to its special taste and unique aroma (Marco et al., 2021;
Soto-Giron et al., 2021). In addition, the health-related properties of fermented food significantly
promote their consumption around the world (Castellone et al., 2021).

However, the health-related properties are mostly determined by the microorganisms present
in fermented food. Microorganisms can release nutrients and bioactive compounds, which could
confer antioxidant and antibacterial properties on food, reduce cholesterol levels, and regulate
intestinal flora (Park et al., 2016; Xiang et al., 2019). Therefore, fermented food has been
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considered a good source for discovering probiotics. Among the
various potential probiotic strains, Lactiplantibacillus plantarum,
a kind of lactic acid bacteria (LAB), represents one of
the predominant genera related to health-promoting and
fermentative properties in fermented food. L. plantarum has
one of the largest microbial genomes known, of which 222
L. plantarum have completed the whole genome sequencing
according to the NCBI database (Bintsis, 2018; Huang et al.,
2021). In addition, L. plantarum was found in various food
fermentations, such as Paojiao, pickled chayote, and yogurt, in
conjunction with healthy beneficial properties (Pan et al., 2020;
Shang et al., 2022; Ye et al., 2022).

Probiotic therapy is becoming increasingly popular nowadays.
To satisfy customers’ needs for probiotic products, it is necessary
to develop fast and reliable strategies to evaluate the safety and
health benefits of probiotic candidates. The available functional
evaluation methods mainly include in vitro tests, in vivo tests,
and human clinical studies (Koirala and Anal, 2021). As high-
throughput sequencing technology is becoming more affordable,
genomic analysis is an expected method for accurate strain
identification and functional prediction for probiotics (Wang Y.
et al., 2021). The combination of characteristic experiments and
genetic information of candidate strains has the potential to
promote the evaluation system of probiotics (Huang et al., 2021).

The aim of the study is to develop an approach based on
the phenotype and genomic analysis to evaluate the probiotic
properties of L. plantarum strains isolated from Chinese
traditional fermented foods. Acid and bile salt resistance,
adhesion ability, survival in a simulated human gastrointestinal
tract, antioxidant activity, antibacterial activity, bile salt hydrolase
(BSH) activity, and hemolytic activity were carried out to evaluate
the potential probiotic properties of these strains. Furthermore,
the whole genome sequencing analysis was conducted on selected
strains to further identify the relevant functional genes.

MATERIALS AND METHODS

Isolation and Identification of
Lactiplantibacillus plantarum Strains
From Fermented Foods
The homemade fermented food samples were collected from
different cities in Yunnan Province, China. Each sample was
stored in a sterilized centrifuge tube at 4◦C and transported to
the laboratory once collected. Each sample (0.50 g) was mixed
with 4.50 ml of 0.85% (w/v) saline and crushed using a mortar.
After a series of dilutions with 0.85% (w/v) saline, these samples
were spread on de Man, Rogosa, and Sharpe (MRS) agar plates
and incubated in an anaerobic incubator (YY-S, Maworde, China)
at 37◦C for 2–3 days. Next, single colonies were picked from
plates and cultivated in a liquid MRS medium under the same
conditions. To identify the obtained strains, the morphology of
strains was initially observed using a microscope (DM500, Leica,
China). The strains were then further identified using 16S rDNA
sequencing. During the isolation of LAB, 44 strains identified as
L. plantarum were selected and maintained in 40% (v/v) glycerol

stock at −80◦C for further experiments, namely, L. plantarum
(strains A182, A232, B652, etc.). Strain’s number, nomenclature,
source of isolation, and location of samples collection are listed in
Supplementary Table 1.

Preparation of Cell-Free Supernatant
and Intact Cell Solution of
Lactiplantibacillus plantarum
For further tests, a cell-free supernatant (CFS) and an intact cell
solution (ICS) were prepared. L. plantarum strains were first
cultivated in the MRS broth under an anaerobic condition at 37◦C
for 20 h. The CFS was obtained by centrifuging MRS broth and
filtering it with a 0.22 µm membrane. ICS of L. plantarum was
obtained by centrifugation at 3,800 rpm for 5 min and washed
cells three times with sterilized phosphate-buffered saline (PBS,
pH 7.40). In the following steps, these cells were resuspended
in the same PBS to reach an optical density of cells at 600 nm
(OD600 nm) of 1.00± 0.05.

Probiotic Potential Evaluation of
Lactiplantibacillus plantarum Strains
Acid and Bile Salt Resistance
The MRS medium adjusted to different pH values (5.50, 4.90,
4.30, 3.60, and 3.30) and the MRS medium supplemented with
bile salt (0.10–0.60%, w/v) were prepared for the tests of acid and
bile salt tolerance of strains, respectively. Cells from the overnight
culture of L. plantarum strains were collected and resuspended in
acid MRS medium and bile salt medium to reach an OD600 nm
of 0.10 ± 0.05. Then, a 200 µl volume of each culture was
transferred to 96-well plates covered with lids. The plates were
incubated in a Logphase 600 (BioTek, Agilent, United States)
at 37◦C, 500 rpm for 24–96 h. Control experiments containing
only MRS medium and cell inoculum were also performed. The
OD600 nm of cultures was read at 10 min intervals. The lag phase
for each strain to adapt to the inhibition conditions was used to
indicate the resistance of strains to acid and bile salt. All assays
were conducted in triplicate.

Adhesion Ability
The adhesion ability of strains was evaluated using cells’
hydrophobicity and auto-aggregation index. Protocols developed
by Lee and Kim (2019) were adopted to measure these two
indexes. All experiments were conducted in triplicate. Briefly,
1 ml of xylene was added to 3 ml of ICS and mixed well. Then the
mixtures were kept at 37◦C until a phase separation was observed.
The bottom phase was used to measure the hydrophobicity
of strains. For the assay of the hydrophobicity of strains, the
absorbance of bottom phases was read at 600 nm, which was
defined as the value of At . The hydrophobicity of cells was
expressed using the following equation:

Hydrophobicity (%) =

(
1−

At

A0

)
× 100 (1)

where A0 is the initial OD600 nm of samples measured at t = 0 h.
Briefly, 4 ml of ICS was incubated at 20◦C for 24 h. Next, 1 ml

of the upper layer solution was read at OD600 nm to determine
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the auto-aggregation of strains. The auto-aggregation index was
defined as follows:

Auto− aggregation(%) =

(
1−

A24

A0

)
× 100 (2)

where A24 is the OD600 nm measured of the upper layer at t = 24 h
and A0 is the initial OD600 nm measured at t = 0 h.

Survival in Simulated Human Gastrointestinal Transit
The simulated gastric juice (SGJ) was composed of 27 mg/ml
of pepsin (Solarbio, Beijing, China) dissolved in 0.50% (w/v)
saline solution (pH 2.50), whereas the simulated small intestinal
juice (SSIJ) was composed of 0.27 mg/ml of pancreatin (Solarbio,
Beijing, China) in 0.50% of saline at pH 8.00. Cells from
the pre-cultivation of L. plantarum strains were harvested and
resuspended in SGJ with an initial cell density of 108 CFU/ml
and incubated at 37◦C for 3 h. Then, 0.50 ml of incubated SGJs
was added to 4.50 ml SSIJ and cultivated at 37◦C for another 3 h.
The survival rates of SGJ and SSIJ were determined by counting
viable cells on MRS agar plates after inoculation with cultures
from simulating gastrointestinal transit tests (Fei et al., 2018). The
analyses for each strain were performed in triplicate. The survival
rate was expressed using the following equation:

Survival rate (%) =
Viable cells after incubating (Log CFU/mL)

Initial viable cells (Log CFU/mL)
(3)

Antioxidant Activity
The antioxidant activity of strains was measured with the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity
assay and 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) radical cation scavenging activity assay as described
by Son et al. (2017) and Tang et al. (2021), respectively. The
experiment for each strain was performed in triplicate. In brief,
0.50 ml of ICS (sample) or PBS (control) was mixed with
0.50 ml of 0.20 mmol/L of DPPH solution. An equal volume of
methanol was used to replace the DPPH solution as the blank.
Then the mixtures were incubated at dark for 30 min at 37◦C.
After centrifugation (12,000 rpm, 10 min), the absorbance of
mixtures was measured at 517 nm using a microplate reader
(M5, SpectraMax, United States). The antioxidant activity was
calculated as follows:

DPPH radical scavenging activity (%)

=

[
1−

(
Asample−Ablank

)
Acontrol

]
× 100 (4)

For the ABTS radical cation scavenging assay, a working
solution composed of 7.40 mmol/L of ABTS+ and 40 mmol/L of
potassium persulfate was prepared. After reacting for 12 h in the
dark at room temperature, the working solution was diluted with
absolute ethanol to an absorbance of 0.70 ± 0.02 at 734 nm and
stored at 30◦C. Next, 0.25 ml of ICS (sample) or PBS (control)
was mixed with 4 ml of working solution. The blank samples

were prepared with 4 ml of absolute ethanol to replace the
working solution. All the samples were kept at 30◦C for 6 min
of incubation. Absorbance against the blank samples was read at
734 nm. Results were calculated as follows:

ABTS radical cation scavenging activity (%)

=

1−

(
Asample − Ablank

)
Acontrol

 × 100 (5)

Antibacterial Activity
The antibacterial activity of selected strains was determined
using the agar diffusion test based on the method previously
reported by Wang et al. (2018). Briefly, 100 µl of CFS was
added into the holes with a 7-mm diameter in Luria Bertani
(LB) agar plates that had been spread with indicator bacteria
(Escherichia coli, Staphylococcus aureus, Shigella flexneri, and
Salmonella typhimurium). The plates were cultured at 30◦C or
37◦C for 48 h. The diameter of the inhibitory zone formed on the
plates was considered an indication of antibacterial activity.

Bile Salt Hydrolase Activity
As for BSH activity, 100 µl of ICS from cultures of different
strains were added into the holes (7 mm diameter) in the MRS
agar plates supplemented with 0.37 g/L of CaCl2 and 5 g/L of
sodium taurocholate (Park et al., 2016). Precipitation observed in
the holes can be determined as capable strains with BSH activity.

Hemolytic Activity
One loop of pre-culture of each strain was streaked on Columbia
blood agar plates containing 5% of sheep blood (Sharma et al.,
2018). If transparent cycles formed around strain colonies, it
meant strains hold the hemolytic activity.

Genomic Analysis of Selected Strains
Whole-Genome Sequencing of Lactiplantibacillus
plantarum Strains
To further identify the probiotic properties of the best-performed
strains (B652, C232, D444, and E932), the whole genome
sequencing analysis was performed. The overnight culture of
L. plantarum strains was collected by centrifugation at 3,800 rpm
for 5 min and submitted to Shanghai Majorbio Bio-Pharm Tech
Co., Ltd., (China) for DNA extraction and sequencing analysis
using the Illumina HiSeq2000 sequencing platform at 2 × 150
paired-end reads.

Analysis of Sequencing Data
For genome assembly, after removing low-quality data obtained
from the sequencing platform, the clean reads of each strain were
assembled using SOAPdenovo 2.0 and SPAdes 3.11. Glimmer
version 3.02 was used for the prediction of coding sequence and
GC content. Functional annotation of the genome was performed
by blasting genes with multiple public databases including
Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters
of Orthologous Groups of proteins (COG), Non-redundant
protein database (NR), and Gene Ontology (GO) under an
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E-value cutoff of 1e-5. A certificated probiotic L. plantarum strain
ST-III (accession number CP002222 in NCBI) was used as a
reference to identify the probiotic potentials of candidate strains
on genomic levels (Huang et al., 2021). Antismash software
was used to predict the gene clusters of secondary metabolite
synthesis. The core and pan genome of selected strains were
analyzed using PGAP 1.2.1 and CG-HIT 4.6.1, respectively.
Based on genome mapping and sequencing, the MUMmer 3.23
with default parameters was used to compare known genes and
genome structures of each strain at the nucleotide level (Li et al.,
2016a).

Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics 26.
The results were calculated as the mean ± standard deviation
(SD) of three replicates. Significant differences at P < 0.05
between the means of parameters were calculated with Duncan’s
multiple range test.

RESULTS AND DISCUSSION

Probiotic Potential Evaluation of
Lactiplantibacillus plantarum Strains
Acid and Bile Salt Resistance
The acid resistance assay showed that the lag phase of 44
L. plantarum strains increased significantly (P < 0.05) as pH

decreased (Figure 1A). Although most tested strains proliferated
within 48 h at pH 3.60, C232 started an exponential phase
at pH 3.30. Similarly, the lag phase duration of the strains
was prolonged as the increase in bile salt concentration in the
cultivation medium (Figure 1A). As shown, 75% of the 44 strains
could tolerate 0.30% bile salt, the average bile concentration in
the human gastrointestinal tract, but only 23% of tested strains
could enter the exponential phase when the concentration of
bile salt reached up to 0.60% in the medium. No significant
differences were observed in terms of the lag phase of D531, E932,
and L117 at this condition (P > 0.05). This result indicated that
L. plantarum had a considerable tolerance toward bile salt. Lin
et al. (2020) also found that three L. plantarum strains isolated
from kimchi have a stronger resistance against bile salt than those
of gastric acid.

Adhesion Ability
As demonstrated in Figure 1B, the cell surface hydrophobicity
of all tested strains ranged from 12.97 to 83.63%. Strains,
whose cell surface hydrophobicity index was higher than 70%,
were classified as hydrophobic ones with good adhesion activity
(Shangpliang et al., 2017). Among the tested strains, the
hydrophobicity of B652, D2510, and K125 was all above 70%.
Specifically, the number for B652 reached up to 83.63%, making
it an ideal candidate for probiotics. In addition, auto-aggregation
activity is a crucial index, reflecting the ability of strains to
colonize in gastrointestinal environments. In the study, the

FIGURE 1 | Adaptation of L. plantarum strains to the gastrointestinal environment: (A) lag phase of strains growth in different concentrations of acid and bile salt
environments; (B) adhesion ability of strains by hydrophobicity (light pink box plot) and auto-aggregation index (light blue box plot); (C) survival of strains in simulated
gastric juice and simulated small intestinal juice. The bar charts show the viable cell number of the strains at 0 and 3 h and the dots indicate the survival rates of
strains. The letters a–g and A–I indicate statistically significant differences (p < 0.05) within each dot.
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auto-aggregation capability of tested strains showed significant
differences (P < 0.05), ranging from 24.03 to 91.88%. The highest
auto-aggregation value (91.88%) was found in L11, followed by
A232 with 86.54%. A recent study showed that L. plantarum
MYSRD 71, isolated from fermented Vellappam, exhibited a high
auto-aggregation value (88.5%) and good adhesion performance
(Divyashree et al., 2021).

Survival in Simulated Human Gastrointestinal Transit
The survival rate of L. plantarum in gastrointestinal transit has
been evaluated (Figure 1C). Among the tested 44 strains, 15
strains survived in artificial gastrointestinal transit. All strains
showed an obvious reduction in viable cells after 3 h exposure to
artificial gastric juice (pH 2.50). The loss of viability ranged from
3 log to 5 log and the survival rate was about 50%. However, it
was found that 3 h incubation in simulated intestinal juice did
not result in a significant decrease (73.71–99.46%) in the survival
rate of test strains (P > 0.05). The result was aligned with our
observation that L. plantarum had a stronger tolerance to bile salt
than that of acid. After a total of 6 h of digestion in the simulated
gastrointestinal tract, D444 and C232 still keep high viable counts
(around 4 log CFU/ml). In general, C232 had better performance
in tolerant acid and bile salt than other strains.

Antioxidant Activity
The DPPH and ABTS scavenging ability of 44 L. plantarum is
summarized in Figure 2. All strains showed antioxidant activity.
The DPPH radical scavenging ability of the strains ranged from
0.88 to 28.50%, while a much higher number for ABTS radical
cation scavenging was found from 16.02 to 54.24%. The highest
DPPH scavenging (28.02%) was found in strain D444, followed
by 20.33% found in B652. As for ABTS radical scavenging activity,
B652 held the highest value at 54.24% among all tested strains.

Antibacterial Property
The antibacterial activity of 44 L. plantarum strains against
4 pathogens (Escherichia coli, Staphylococcus aureus, Shigella
flexneri, and Salmonella typhimurium) was evaluated (Table 1).
A total of 14 L. plantarum strains were capable of inhibiting
the growth of more than 3 kinds of pathogens. L117 could
inhibit the growth of the 4 pathogens, especially Shigella flexneri
and Salmonella typhimurium. A182 and A463 displayed the
highest inhibitory to Salmonella typhimurium, with inhibitory
zone diameters of 6.01–10.00 mm. As the CFS was directly used in
the study without any pretreatment, the antibacterial compounds
present in CFS should be further identified. Wang et al. (2018)
treated the CFS with catalase and 1 mol/L NaOH to eliminate
the influence of organic acids and hydrogen peroxide, which
resulted in an inhibition zone with a diameter of 29.60 mm.
The antibacterial capacity of L. plantarum is possibly related
to the antibacterial substances generated by strains, such as
organic acids, hydrogen peroxide, and antibacterial peptides
(Sikorska and Smoragiewicz, 2013).

Bile Salt Hydrolase Activity
The generation of BSH in strains is suggested as one of the factors
to screen probiotics for lowering serum cholesterol (Pereira
et al., 2003). A BSH screening medium was used to characterize

TABLE 1 | Inhibitory spectrum of L. plantarum strains.

Strains Inhibition zone (mm)

Escherichia
coli

Staphylococcus
aureus

Shigella
flexneri

Salmonella
typhimurium

L117 + + ++ ++

H10711 + ++ + −

R171 ++ + + −

B331 ++ + ++ −

J102 ++ ++ + −

K182 + + ++ −

D531 ++ ++ − +

E1031 + − + +

B431 ++ − ++ +

B739 ++ − + ++

J144 ++ − + ++

K125 − + + +

E262 − + ++ ++

D444 − + ++ ++

D2510 ++ ++ − −

I34 + + − −

E542 ++ ++ − −

P142 ++ ++ − −

J51 ++ − + −

A463 ++ − − +++

K192 ++ − − ++

B231 − + − +

L31 − ++ − ++

B652 − − ++ ++

A232 − − + +

A553 − − + ++

L53 − − ++ +

A182 − − ++ ++

E932 − − ++ +++

C831 − − + −

C331 − − + −

C232 − − ++ −

C333 ++ − − −

N62 + − − −

N51 + − − −

M183 ++ − − −

K42 − ++ − −

E362 − − − ++

L11 − − − +

N123 − − − +

P142 − − − +

I131 − − − ++

The different scores reflect the different degrees of growth inhibition expressed in
mm. Inhibition zone (mm): no inhibition: −; 0–3.00 mm: +; 3.01–6.00 mm: ++;
6.01–10.00 mm: +++.

the BSH activity of strains, in which insoluble unbound bile
salt derived from the taurine bile salt hydrolyzing under the
catalysis of BSH can react with CaCl2 in the culture medium to
form precipitation circles (Meng et al., 2021). The precipitation
observed in the BSH screening medium was used to indicate
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FIGURE 2 | Antioxidant activity of L. plantarum strains. The light pink box plot
and light blue box plot represent DPPH radical scavenging activity and ABTS
radical cation scavenging activity, respectively. The black dots indicate the
distribution of 44 strains.

the generation of BSH in strains. The precipitate circles were
observed on 44 L. plantarum strains (data not shown), implying
that these 44 L. plantarum strains might be promising probiotic
candidates to decrease cholesterol levels.

Hemolytic Activity
Hemolytic activity is a decisive index to evaluate the safety of
probiotic candidates. If strains show a positive hemolytic activity,
it is forbidden to be used as probiotics. In the study, the Columbia
blood agar plates were used to assay the hemolytic activity of the
strains. The red blood cells in the Columbia blood agar plates
could be dissolved by the hemolysin produced by strains and
form a transparent hydrolysis circle around colonies of strains. If
there are no hydrolysis circles formed around colonies, the strain
is defined as γ-hemolytic and considered a safe one (Sharma et al.,
2018). All the tested strains displayed negative results for this
experiment (data not shown).

Genomic Analysis of Selected Strains
According to in vitro experiments shown in previous sections,
it was found that L. plantarum C232 demonstrated considerable
tolerance to gastric acid, E932 showed the strongest resistance
toward bile salt, D444 had a good performance to survive in
synthetic gastrointestinal environments and scavenge DPPH, and
B652 was the best-performed strain for antioxidant activity. To
link the functional phenotype of these 4 strains and their genetic
characteristics and further evaluate their probiotic potential
at genetic levels, whole-genome sequencing was performed.
In addition, a certificated probiotic L. plantarum ST-III was
used as a reference to compare the genomic similarity and
variations of the strains. The strain has probiotic traits of
antibacterial activity, strong adhesion, and cholesterol-lowering
effect (Wang et al., 2011).

Genomic Overview of Selected Strains
The basic genomic features of B652, C232, D444, and E932
compared with ST-III are illustrated in Figure 3. It was found
that the genomic size of 5 strains ranged from 3.25 to 3.78 Mb
and the number of coding genes was about 3,013–3,488 with
the GC content of 44.58–47.31%. Notably, the genome size and
GC content of B652 were obviously higher than those of others
(Figure 3A). Furthermore, from the distribution of common

FIGURE 3 | Genomic analysis of the selected L. plantarum strains: (A) basic
genomic features; (B) common and unique genes distribution. In the Venn
diagram (B), the number in the center shows the common genes shared by
contained all strains and the outermost edge show the number of unique
genes for each strain.

and unique genes of the 5 strains (Figure 3B), it could be
seen that there were 2,323 genes shared by the 5 strains and
B652 had the most unique genes (814). The result was aligned
with the bigger genome size found in B652. The unique genes
occupied by B652 might be related to its special properties, such
as good antioxidant activity. The higher GC content may indicate
that microorganisms consume more energy during reproduction,
while microorganisms with a low GC content may be easier
to maintain genomic stability due to low energy metabolism
(Rocha and Danchin, 2002).

Genomic Annotation of Selected Strains
According to the annotation result of KEGG, the genomic
function enrichment of 5 strains is illustrated in Figure 4A. It
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FIGURE 4 | Genomic annotation of the selected L. plantarum strains: (A) enriched genes in KEGG database; (B) genes distribution in core genomes based on COG
database. In bubble map (A), the vertical axis and horizontal axis represent pathways and enrichment rate, respectively. The number indicates the number of genes
in this pathway, and the color of the dot indicates the significance level of enrichment. The darker color indicates the more significant enrichment of this pathway,
where the false discovery rate (FDR) < 0.001 is marked with ∗∗∗, FDR < 0.01 is marked with ∗∗, and FDR < 0.05 is marked with ∗.

was noted that 15 pathways of the 5 strains were significantly
enriched in nucleotide and amino acid metabolism. Among
them, genes responsible for replication and repair accounted
for the highest proportion. Figure 4B illustrates that, except

for unknown functions, most of the annotated genes were
enriched in metabolism, especially carbohydrate transport and
metabolism, amino acid transport and metabolism, and energy
production and conversion, which was consistent with the
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previous study reported by Huang et al. (2021). The result
indicated that tested strains could metabolize different types of
carbon sources and had good propagation ability. In addition,
genes of all 5 strains were equally distributed in several COG
categories, such as transcription, cell wall/membrane/envelope
biogenesis, replication, recombination and repair, translation,
ribosomal structure, and biogenesis. The results implied that the
strains had a high similarity on genomic levels.

Correlations Between Functional
Phenotype and Genomic Property
The potential probiotic properties possessed by the 5 strains were
verified at genomic levels. Supplementary Table 2 shows the
probiotic property-related genes that were identified in ST-III and
selected strains.

According to the sequencing data analysis, it was found
that B652, C232, D444, and E932 contained various antioxidant
enzyme encoding genes including catalase encoding gene katE
(K03781), glutathione peroxidase encoding gene gpx (K00432),
NADH dehydrogenase encoding gene ndh (K03885), and npr
(K05910) gene encoding for NADH peroxidase. In addition,
genes related to the synthesis of thioredoxin were identified in
the strains, including nrdH (K06191) encoding for glutaredoxin,
trxA (K03671) encoding for thioredoxin, trxB (K00384) encoding
for thioredoxin reductase, and tpx (K11065) encoding for thiol
peroxidase (Zhang et al., 2021). These genes have also been found
in the L. plantarum ST-III genome. The result indicated the
strains might have a similar functional property.

The adhesion of microorganisms to epithelial cells is a
complex process, as it largely depends on the chemical
composition and physical properties of the cell surface of the
probiotic strains (de Melo Pereira et al., 2018). Probiotics can
specifically bind to intestinal mucosal epithelial cell receptors
through adhesin and then colonize in the intestine. For instance, a
potential surface exposure (PSE) protein involved in colonization
on the intestinal mucosa can act as an adhesin to adhere to the

intestinal surface (Jia et al., 2017). The 4 selected strains contained
a variety of cell-surface proteins encoding genes, such as mapA
encoding for maltose phosphorylase (K00691), lspA encoding
for lipoprotein signal peptidase (K03101), tuf encoding for
elongation factor Tu (K02358), gpr encoding for glyceraldehyde
3-phosphate dehydrogenase (K19265), and tpi encoding for
triosephosphate isomerase (K01803). The L. plantarum ST-III
had strong adhesion to epithelial cells’ in vitro experiment, which
might be related to these genes found in its genome (Wang et al.,
2011). B652 had the largest number of genes encoding for surface
proteins and performed well in terms of adhesion activity.

Probiotic strains capable of surviving in the gastric
environment tend to contain stress response genes which
are beneficial to bacterial strains to adapt to the intestinal
environment and promote health effects (Liu et al., 2015; de
Melo Pereira et al., 2018). In previous studies, F0F1-ATPase was
the main regulator of intracellular pH and could improve the
resistance of Lactobacillus strains at low pH conditions (Angmo
et al., 2016; Wu et al., 2022). The 4 selected strains had seven
genes encoding for the F0F1 ATP synthase subunit, including
atpC (K02114), atpD (K02112), atpG (K02115), atpA (K02111),
atpH (K02113), atpF (K02109), and atpB (K02108). In addition,
the ppaC (K15986) gene encoding for inorganic pyrophosphatase
plays an important role in keeping the membrane intact and
tolerance to bile salt (Zhang et al., 2021), which was also
identified in 4 selected strains.

The utilization of probiotics for lowering cholesterol levels is
becoming increasingly popular, and several related gene clusters
have also been identified in these stains. A gene cluster ssuACB
related to ABC-typetransporter for aliphatic sulfonates has been
identified in the genome of L. plantarum ST-III. These aliphatic
sulfonates could be used as sulfur sources for strains and increase
the cholesterol removal capability of LAB (Wang et al., 2011).
B652 strain contained a complete ssuACB gene cluster, while
C232, D444, and E932 strains only had partial genes of this
cluster. These results indicated that the B652 strain might be a
good probiotic candidate for lowering cholesterol levels.

FIGURE 5 | Bacteriocin synthesis gene clusters The arrow represents a gene, above the arrow is the name of the gene, and below the arrow is the Ko number of the
gene. The length of the arrow represents the length of the gene. The direction indicates whether the gene is encoded by the justice or antisense chain. The different
color represents its function in the COG classification.
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Moreover, BSH plays an important role in the resistance of
L. plantarum against bile salt (Hamon et al., 2011). The 4 strains
contained genes related to bile stress like cbh (K01442) encoding
for choloylglycine hydrolase. Additionally, it was previously
reported that bsh genes were closely related to the formation of
precipitate circles observed in the study for the BSH activity assay
(Wang G. et al., 2021). The 4 predicted bile salt hydrolase (bsh)
genes have been identified in L. plantarum ST-III. However, gene
annotation results indicated that none of the 4 selected strains
contained any bsh genes. The relationship between the bsh gene
and BSH activity should be further identified.

The expression of genes encoding for antibacterial peptides
and bacteriocin could confer antibacterial activity to LAB strains.
Peptides including PlnJ/K, PlnE/F, and PlnA, classified as Class
II LAB bacteriocin, were detected in the genomes of the strains.
Such peptides can inhibit the growth of both Gram-positive and
Gram-negative bacteria (Li et al., 2016b). In addition, D444, E932
and C232 strains contained bacteriocin synthesis gene clusters
(Figure 5) and demonstrated antibacterial activities according
to the in vitro experiments. The bacteriocin synthesis gene
cluster of the C232 strain was similar to that of L. plantarum
ST-III. It was reported that L. plantarum ST-III could reduce
salmonella infection in mice (Liu et al., 2019). Therefore, the
C232 strain might be a potential probiotic against salmonella
infection in the body.

CONCLUSION

The potential probiotic properties of 44 L. plantarum obtained
from Chinese traditional fermented foods were evaluated. All the
tested strains showed high antioxidant capacity, BSH activity, and
antibacterial activity, which might be the common characteristics
of L. plantarum. The negative result of the hemolytic activity
for all strains indicated the safety of the strains to be used
in food fermentation. Among the strains, B652, C232, D444,
and E932 were identified as the best comprehensive performed
strains, which were selected for the whole genome sequencing.
Except for B652, the selected strains had high similarity in the
genome compared with the certificated probiotic strain ST-III.
In addition, several identified gene clusters (i.e., genes related
to the synthesis of thioredoxin, cell-surface proteins encoding
genes, and F0F1 ATP synthase subunit) were found to be
aligned with strains’ probiotic properties, such as antioxidant
activity, adhesion activity, and survival ability in artificial

gastric environments. However, different performances of the
probiotic capacities among the selected strains were figured
out, which might be due to differences in gene expression and
regulation. In general, the four selected L. plantarum strains
showed the potential to be probiotic candidates that could
be applied to fermented food developments. In addition, the
outcome of the study could be helpful in linking the probiotic
phenotype and genomic characteristics of potential strains,
thereby providing knowledge and references to discover and
evaluate probiotic candidates.
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Microorganism contamination is one of the most important factors affecting the
spoilage and food safety of Manila clams. This study aimed to gain insights into
bacterial composition and the dynamic change of bacterial communities on retailed
Manila clam during refrigerated storage within the edible period. High-throughput
sequencing was conducted to monitor the bacterial population with the prolongation
of storage time of Day 0, Day 1, and Day 3. Result demonstrated that phyla
of Proteobacteria,Actinobacteriota, Acidobacteriota, and Chloroflexi composed the
majority of bacterial communities during the whole observation process. Furthermore,
the increase of Proteobacteria showed a positive correlation with the storage time,
whereas Acidobacteriota and Chloroflexi continued to decline in storage. For genus
annotation, none of genus obtained dominant population in storage. From Day 0 to
Day 1, the genera of Streptomyces, Bradyrhizobium, and Mycobacterium significantly
increased; meanwhile, 12 genera significantly decreased. Compared with samples at
Day 0, a total of 15 genera significantly decreased with the reduced proportion ranging
from 0.50 to 4.40% at Day 3. At the end of the storage, the genus Crossiella became
the most redundant population. Both the richness and diversity decreased at the start
of storage at Day 1, and then slightly increased at Day 3 was observed. Based on the
result in this study, strategy targeting the increased bacteria could be tested to improve
the consumption quality and safety of refrigerated clam.

Keywords: Manila clam, microbiota, bacterial diversity, high-throughput sequencing, refrigerated storage

INTRODUCTION

The Manila clam, Ruditapes philippinarum, is one of the important and most exploited marine
bivalves around the world; it is nutritious containing different kinds of proteins, vitamins, and
essential elements (Zhao and Zhang, 2016). Due to the great ability on adapting environment,
Manila clam reproduced rapidly and distributed widely. Nowadays, Manila clam has become the
world’s second most important commercially cultured bivalve mollusk (Tan et al., 2020). China is
the largest producer of Manila clam, about 3 million tons of clams were produced each year, which
is almost 90% of the world’s production (Nie et al., 2016). Nevertheless, just like the most shellfish,
Manila clam always suffer from the contamination of diverse microorganisms, due to the abundant
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water and nutrient contents (Chen et al., 2019). The proliferation
of microorganisms may lead to the short shelf-life and
unacceptable qualities of clam (Boziaris and Parlapani, 2017).
During the transportation and storage, low-temperature storage
is the most common approach to preserve the fresh clam.
Thus, in order to improve the consumption quality and
safety of refrigerated clams, it is essential to investigate the
dynamics of contaminating bacterial communities in clam during
refrigerated storage.

Among the approaches in microorganism identification, two
types of methods including culture-dependent microbial
cultivation and culture-independent high-throughput
sequencing method have been applied. For culture-based
methods, since only 0.1–3% of the bacteria could be cultivated
(Amann et al., 1995; Cocolin et al., 2013), the experiment data
obtained from cultivating bacteria are insufficient to clarify the
microbiota of food (Caporaso et al., 2012). With the development
of high-throughput sequencing technology, molecular methods,
which based on sequence characterization, could provide a
comprehensive description of the whole microbiota. The variable
region on 16S rRNA gene was used as the indicator for taxonomy
identification. Polymerase chain reaction (PCR) cloning,
combined with 16S rRNA gene sequencing could provide
high-throughput bacterial identification with high efficacy
and low cost (Klindworth et al., 2013), and the technology
was applied widely on evaluating the bacterial composition of
seafood, during the storage period (La Valley et al., 2009; Trabal
et al., 2012; Chen et al., 2016, 2019), with different processing
technology (Cao et al., 2018) and with different package (Pan
et al., 2018). For example, the microbiome of the fresh clam
from different geographic origin was identified using 16S rRNA
gene sequencing, and the abundance of Proteobacteria with
Acidobacteria could be used as a marker in distinguishing
different geographic origin of fresh clam (Liu et al., 2020).
Through 16S rRNA gene sequencing, genera Psychrobacter and
Psychromonas were identified as the most important spoilage
organisms of oysters during refrigerated storage (Chen et al.,
2019). The 16S rRNA gene amplicon sequencing of bacteria
on mussel revealed that Proteobacteria, Cyanobacteria, and
Firmicutes were the three major phyla in modified atmosphere
packed mussel (Odeyemi et al., 2019). Apart from detecting
the microbial diversity in seafood, high-throughput sequencing
has a wide application in several food products, revealing the
bacterial or fungal composition. For example, the bacterial
community in zha-chili, fermented by different rice varieties,
was detected using high-throughput sequencing (Cai et al.,
2021a). It was found that rice variety would lead to different
microbiota in fermented zha-chili sample, in which lactic acid
bacteria obtained the most dominant abundance of 77.09% (Cai
et al., 2021a). The microorganism structure, including bacterial
richness and fungal diversity, in low-temperature Daqu for
Baijiu-making was also been explored (Cai et al., 2021b). The
core microbiota influencing the flavor of Daqu were dominated
by Thermoactinomyces, Lactobacillus, Saccharopolyspora, along
with Bacillus, Streptomyces, Saccharomycopsis, and Thermoascus
(Cai et al., 2021b). Pit mud is the important carrier for
various microorganism in the production of Chinese Baijiu

(Cai et al., 2022). Through Illumina MiSeq sequencing, the
fungal community was analyzed, and diverse high-abundance
fungi in pit mud at different depths was revealed, which could
be useful in improving the quality of pit mud (Cai et al.,
2022). All of the above studies illustrated that 16S rRNA gene
sequencing could provide a rapid illustration of whole bacterial
communities. The identified bacterial profile could provide a
theoretical basis on improving food safety and maintain food
quality. Nevertheless, few studies have been reported to identify
the bacterial change in refrigerated clam, especially during edible
shelf-life storage.

In this study, the V3–V4 regions of bacterial 16S rRNA
gene on retailed Manila clam were sequenced to monitor
the dynamic change of microorganism composition during
refrigerated storage. The bacterial abundance at different
taxonomy annotation level was investigated, and the change
of bacterial diversity was identified. The result in this study
could provide a hint on risk assessment for clams during
process and storage.

MATERIALS AND METHODS

Raw Material Acquisition and Sample
Preparation
Philippine clams originated from Dandong City, Liaoning
Province, refrigerated and transported from terminal to the
Shanghai distributor, and delivered to the school laboratory via
the online purchase platform of Dingdong in 0.5–1 h, during
which the clams were transported in low-temperature brine to
ensure quality. The clams were cleaned in the laboratory with
sterilized water for surface debris such as mud, sand, and dirt,
after which they were drained and stored in the refrigerator at
4 ± 1◦C sealed with food wrap. Based on previous microbial
early experiments and sensory analysis, the clams with similar
size at Day 0, Day 1, and Day 3 were divided into three
groups (D 0, D 1, and D 3). Each group is divided into three
parallel samples (D 0_1, D 0_2, and D 0_3), (D 1_1, D 1_2,
and D 1_3), and (D 3_1, D 3_2, and D 3_3), respectively,
and the shell meat was removed aseptically in a sterile ultra-
clean table and cut with a sterilized knife to ensure the samples
were evenly placed into 10-ml centrifuge tubes and frozen at
−80◦C.

DNA Extraction, Amplification, and
Sequencing
The total genomic DNA of microbial colonies from clams was
extracted by E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross,
GA, United States). The 1% agarose gel electrophoresis was used
to detect DNA samples. The purity of DNA was assessed by
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific,
Wilmington, DE, United States).

The V3–V4 regions of bacterial 16S rRNA genes in
clams were amplified by PCR with a primer pair of 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). The amplification
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TABLE 1 | Effective sequence numbers, OTUs, and Good’s coverage of clam
meat during refrigerated storage at 0, 1, and 3 days.

Sample group Sample name Reads OTU Good’s coverage (%)

Day 0 D 0_1 30,341 2,060 98.18

D 0_2 30,433 2,021 98.28

D 0_3 28,130 2,098 98.08

Day 1 D 1_1 44,576 519 99.46

D 1_2 31,422 2,299 97.89

D 1_3 30,347 2,225 98.02

Day 3 D 3_1 33,282 2,246 97.75

D 3_2 28,498 1,541 98.89

D 3_3 49,646 1,300 99.04

procedure included an initial denaturation step (95◦C for 3 min)
followed by 27 cycle reactions composing denaturation (95◦C for
30 s), annealing (55◦C for 30 s), extension (72◦C for 30 s), and
continuous extension at 72◦C for 10 min. PCR products were
extracted from 2% agarose gel electrophoresis and purified using
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States).

A DNA library was constructed using NEXTflex Rapid
DNA-Seq Kit (Bioo Scientific, United States) according
to the following steps: (1) adding adapter sequences; (2)
removing the fragments connected by different adapters; (3)
enrichment of library templates using PCR amplification; and (4)
collecting PCR products.

Purified amplicons were pooled in equimolar, and paired-
end sequencing was conducted on an Illumina MiSeq PE300
Platform (Illumina, San Diego, CA, United States) according to
the standard protocols by Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China).

Processing of Sequence Data
At first, the raw sequencing reads were filtered by fastp version
0.20.0 (Chen et al., 2018). Using a sliding window of 50 base pair
(bp), the 300-bp reads for which the average quality score were
less than 20 were truncated. After truncating, sequences longer
than 50 bp were remained. Sequencing reads which included
ambiguous characters were also abandoned.

Second, filtered sequences with overlapping fragments longer
than 10 bp were merged by FLASH version 1.2.7 (Magoc
and Salzberg, 2011). In overlapping fragment, the maximum
proportion of mismatch ratio was set as 0.2. Reads that could not
be assembled were also discarded.

The barcodes and primers added in library construction were
used to distinguish different samples, with the following criteria:
(1) exact barcode matching and (2) less than 2 mismatches in
primer matching.

Operational taxonomic units (OTUs) were clustered by
UPARSE version 7.1 (Edgar, 2013) to represent sequences with
similarity greater than or equal to 97% (Stackebrandt and Goebel,
1994; Edgar, 2013). The taxonomy assignment of representative
sequences for each OTU was annotated by RDP Classifier version
2.2 (Wang et al., 2007) at different levels, using confidence
threshold of 0.7.

Statistical Analysis
To test sequence quantity, Shannon rarefaction curves (Caporaso
et al., 2010) were applied to test whether the amount of sequenced
reads were enough to reflect the bacterial community in each
sample. Different indices, including Sobs, Shannon, Simpson,
Ace, and Chao1 (Amato et al., 2013), were calculated to estimate
the diversity of microbial communities in each sample. Index
of Good’s coverage was calculated to evaluate sequencing depth.
In order to detect OTU distribution, a Venn diagram was used
to reflect the overlapped and unique species in samples at
different storage time (Li et al., 2017). Based on the bacterial
composition in each sample, hieratical clustering analysis were
conducted to test the bacterial similarities. Principal component
analysis (PCA) was used to select the discriminated composition
variables. Between two different sample groups, bacterial genus
with significantly different (p < 0.05) proportion were selected by
Student’s t-test (Al Ashhab et al., 2014). To detect the change of
bacterial community abundance among multiple groups, linear
discriminant analysis effect size (LEfSe) analysis was used to
screen the differentially distributed features. At first, the non-
parametric factorial Kruskal–Wallis (KW) test rank-sum test was
used to screen genera with significant abundance difference.
And then linear discriminant analysis (LDA) score of each
bacterial genus was calculated as the quantitative estimator of
effects on sample grouping; the cutoff of LDA was set as 2
(Segata et al., 2011).

RESULTS

Microbial Communities Detected by 16S
rRNA Gene Sequencing
To describe the character of bacterial community of clams at
different refrigerated storage time, V3–V4 regions on 16S rRNA
gene were sequenced by MiSeq high-throughput sequencing.
After quality filtering, a total number of 306,675 reads were
obtained in all samples. The detailed information of sequencing
is shown in Table 1. Among them, each sample contained
34,075 ± 7,648.08 (mean ± SD) sequences. The sample of D 3_3
contained the maximum sequence number of 49,646. To avoid
the bias caused by different sequence numbers in each sample,
effective tags were randomly selected to reach the same amount
of reads. The sequence number is set as 28,130 in D 0_3 sample,
which is the minimum sequence number among all samples. For
all samples, the average length of sequenced reads reached 415 bp.
Then 4,883 OTUs were clustered in all samples, each cluster
represented a group of similar sequences, and these OTUs were
annotated to 40 phyla, 131 classes, 313 orders, 489 families, 893
genera, and 1,815 species. During refrigerated storage, the average
number of OTUs decreased from 2,059.67 at Day 0 samples to
1,681 and 1,695.67 at Day 1 and Day 3 samples, respectively. The
change of OTUs illustrated the variance in bacterial composition
in different samples. The results of rarefaction analysis showed
that with the increase of randomly sampled sequences, Shannon
index curves for each sample all resulted in a platform stage
(Figure 1). The result demonstrated that the sequencing quantity
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FIGURE 1 | Rarefaction analysis of high-throughput sequencing reads in samples at different storage time.

TABLE 2 | Alpha diversity analysis at genus level.

Diversity estimator Day 0 Day 1 Day 3

Sobs 513.00 ± 9.64 386.67 ± 136.62 470.33 ± 78.65

Ace 568.11 ± 16.49 422.03 ± 137.44 505.86 ± 74.81

Chao1 573.94 ± 28.86 430.57 ± 137.20 506.26 ± 70.00

Shannon 4.72 ± 0.04 4.52 ± 0.58 4.84 ± 0.17

Simpson 0.018 ± 0.00 0.023 ± 0.01 0.016 ± 0.00

in each sample could well reflect the structure and diversity of
bacterial communities. The Good’s coverage values calculated in
each sample were all higher than 99.68%, which also indicated
that the sequence obtained in the current study is sufficient to
represent the actual bacteria species.

Analysis of Bacterial Community
Diversity and Richness
To illustrate the diversity of bacterial communities, different
estimators were introduced. The index of Sobs, Ace, and Chao1 at
OTU level (Supplementary Table S1) and genus level (Table 2)
for each sample was calculated to illustrate the community
richness. In Table 2, it is found that all samples achieved the

highest values for all these three measures at Day 0, indicating
that samples at Day 0 obtained the most abundant bacteria. The
richness estimator decreased at Day 1 and slightly increased at
Day 3. It could also be seen that bacteria at Day 1 contained
great variance within the group, which was caused by the data
bias at D 1_1 sample. Shannon and Simpson indices were used
to indicate the alpha diversity of bacterial communities in clam
samples at different refrigeration time; the greater of Shannon
index and the smaller Simpson index all referred to the great
community diversity. From these two indices, it is demonstrated
that during storage, the diversity started to decrease at Day 1 and
then increased at Day 3, indicating the communities obtained a
more even distribution with less dominant bacteria.

Bacterial Composition
Further, the Venn diagram was used to reveal the bacterial
distribution of clam at different storage time (Figure 2). In total,
599, 528, and 776 genera were obtained from different samples
at Day 0, Day 1, and Day 3, respectively. Among the annotated
genera, there were 417 common genera found in all sample
groups during the whole storage process. From Day 0 to Day 1,
a set of 96 new bacterial genera were emerged, and with storage
time increasing, 196 genera were uniquely found at Day 3. The
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FIGURE 2 | Venn diagram for bacterial genera composition in clam at different storage time. Numbers in different region refers to the number of specific or common
genera in different sample group. The sum of numbers in each circle refers to the total genera annotated at each storage time.

result indicated that even Day 1 shared an 81.82% (432/528)
overlap with Day 0, the bacterial community started to change
with increased specific species. The communities continued to
vary during storage; in the end, samples at Day 3 obtained 35.70%
(277/776) specific genera compared to the initial state of Day 0.

The composition of bacterial communities during storage
process was used to analyze the relative abundance at phylum
and genus level (Figure 3). According to Figure 3A, 12 bacterial
phyla were found in clam at different storage time. The majority
component of phyla were Proteobacteria, Actinobacteriota,
Acidobacteriota, and Chloroflexi, composing 77.96, 87.66, and
77.51% of bacterial communities at Day 0, Day 1, and Day
3, respectively. Among them, Proteobacteria accounted for the
largest proportion, and the percentage increased during storage,
which increased from 27.10% at Day 0 to 31.91% at Day 3,
and followed by the phylum of Actinobacteriota, which achieved
the abundance of 18.87% at Day 0 and quickly increased to
37.77% at Day 1. On the other hand, Acidobacteriota decreased
continuously from 19.27 to 8.81% during storage. Chloroflexi
showed a decrease at Day 1 (12.72–8.76%) and maintained a
steady abundance afterward. Other phyla were less dominant
and included Patescibacteria (0.45–2.05%), Cyanobacteria (0.06–
2.48%), and Verrucomicrobiota (0.70–1.43%). Bacteria with a
relative abundance less than 1% were labeled as others at phylum
and genus levels.

At the genus level (Figure 3B), a total number of 39 genera
were observed in clam samples. From the relative abundance of
bacterial genera, it should be noted that there was not a dominant
genus in each sample group, and even the proportion of the
most abundant genus was less than 10%. Then, the detected
genera abundance changed greatly during storage. The top five
most abundant genera at Day 0 group were Vicinamibacterales
(6.34%), Pseudolabrys (3.97%), Vicinamibacteraceae (3.87%),
Xanthobacteraceae (3.20%), and Gaiella (3.18%). At Day 1, the
community distribution changed to a different set of genera,
including Variovorax (4.58%), Crossiella (3.76%), Streptomyces
(3.01%), Bradyrhizobium (2.74%), Vicinamibacterales (2.57%),
and so on. Compared to Day 0, the composition rank changed
greatly with different genera at Day 1. At Day 3, bacterial
distribution continued to change, for example, the top-ranked
bacteria included Crossiella (2.94%), Arthrobacter (2.60%),
Gaiellales (2.18%), Azospirillum (2.17%), and Bradyrhizobium
(2.04%). It is demonstrated that the previous top-ranked
Vicinamibacterales (6.34%) at Day 0 proportioned less than 1%
at Day 3, whereas the abundance of Crossiella continued to
increase during storage. The abundance of the most abundant
genus of Variovorax (4.58%) at Day 1 decreased to less than
1% at Day 3. From Day 0 to Day 3, the bacterial distribution
became more even and more variable, with the primary genus
continued to decrease.
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FIGURE 3 | Relative abundance of bacterial composition at phylum and genus levels for samples at different storage time. Each color represents specific phylum (A)
or genus (B), and the length of each band represents the proportion of particular bacteria.

FIGURE 4 | Hierarchical clustering and principle component analysis of bacterial composition in different storage time. (A) Hierarchical clustering at phylum level. (B)
PCA analysis at genus level.

Based on the relative abundance of bacterial genera, a
hierarchical clustering tree could be constructed to illustrate the
relative similar relationship between different samples. It could
be found that samples from Day 0 all clustered together, this
result showed the similarity within the group. However, samples
from Day 1 to Day 3 showed a close relationship in the tree,
indicating the similar bacterial community structure (Figure 4A).
To figure out the principal components contributing on sample
classification, PCA was performed. In Figure 4B, the cumulative
percentage variance for the selected two principle components
were 44.04 and 22.7%, composing 66.74% feature contribution.
In PCA, samples of Day 0 were separated from samples of
Day 1 and samples of Day 3, demonstrating that the bacterial
community obtained a significant change, with clam began to
spoil since Day 1. For each sample, the deviation of Day 3 from
Day 1 illustrated the continuous community variance in the
process of storage. Furthermore, the relative location of samples

within the same group revealed the bacterial variance in each
group, illustrating that the spoiled sample from Day 1 obtained
more diverse community composition compared to the closely
clustered fresh clam sample at Day 0.

Microbial Community Changes With
Storage Time
To illustrate the specific bacterial change between each sample
group, two-tailed Student’s t-test was used to reveal the
significantly changed genera at each storage time (Figure 5).
Compared with samples detected at Day 0, three genera were
significantly increased at Day 1 with p-value less than 0.05,
including Bradyrhizobium, Streptomyces, and Mycobacterium.
And 12 genera were found to get a significant decrease, in which
Pseudolabrys obtained the biggest reduction of 3.35%. No genus
was found to significantly distribute between Day 1 and Day 3.
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FIGURE 5 | Bacterial genera with significant change of relative abundance between different sample groups. (A) Bacterial difference between Day 0 and Day 1.
(B) Bacterial difference between Day 0 and Day 3.

FIGURE 6 | Linear discriminant analysis effect size analysis of differentially distributed genera at Day 0, Day 1, and Day 3 groups. (A) From the center to the terminal,
each layer refers to phylum, class, order, family, and genus level, respectively. Each node refers to the specific bacteria with node size proportion to the relative
abundance. (B) Specific bacteria with LDA score more than 2 are displayed.

At Day 3, compared with Day 0, the composition proportion of
15 genera decreased with statistical significance (p < 0.05). The
reduced proportion ranged from 0.50 to 4.40%. There was no
significantly increased genus at Day 3, which is consistent with
the result that the bacterial communities reached a more diverse
distribution, and each genus obtained a small proportion (see
section “Bacterial Composition”).

In addition to the differentially distributed bacterial
communities between two groups, genera for which the
relative abundance changed significantly in multiple groups
were also detected through LEfSe analysis. In Figure 6, the
bacterial community with significantly different abundance
is observed, which includes Actinobacteria class at Day 1,
Vicinamibacteria class at Day 0, and Limnochordia class
at Day 0. The results illustrate the significant variance of
bacterial composition occurred on the storage from Day 0
to Day 1. LDA score (Figure 6B) showed the abundance of

Actinobacteria and Parviterribacter posed a great effect at Day 1
grouping, with LDA score of 5.01 and 2.85, greater than cutoff
of 2. At Day 0 classification, 63 bacteria genera, including
Vicinamibacteria (LDA score: 4.62), Vicinamibacterales
(LDA score: 4.57), and so on, could contribute on effective
distinguish of Day 0 group.

DISCUSSION

In this study, bacterial community in R. philippinarum was
evaluated using high-throughput sequencing of V3–V4 regions
on 16S rRNA gene of bacteria. The purpose was to observe
the essentials in comprehending the bacterial dynamics in
R. philippinarum during refrigerated storage. Based on the
result, Proteobacteria, Actinobacteriota, Acidobacteriota, and
Chloroflexi were the prevalent phyla. With the prolonged storage
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time, the abundance of Proteobacteria increased steadily and
remained at a relative high level, showing a positive correlation
with storage time. On the contrary, the phyla of Acidobacteriota
and Chloroflexi continued to decline. At the genus level, none of
them have a majority species in the population. The abundance of
Vicinamibacterales and Pseudolabrys declined rapidly from Day 1
and continued to decrease in storage. The population of Crossfield
steadily increased to reach the most redundant genus at Day 3.

Proteobacteria are the largest group of bacteria, and all of the
Proteobacteria bacterial communities belong to Gram-negative
bacteria. It has been reported that Proteobacteria obtained a high
abundance in fresh clam samples harvested from Nova Scotia and
Quebec, Canada, and it was a typical spoilage organism for fresh
seafood (Liu et al., 2020). Proteobacteria have been detected to
dominate the bacterial community in fresh oyster (Madigan et al.,
2014; Cao et al., 2018), fresh crisp grass carp (Pan et al., 2018), the
gut of grass carp (Shi et al., 2020), frog meat (Yang et al., 2017),
mussel meat (Odeyemi et al., 2019), and so on. Furthermore, the
processing and storage favored the growth of Proteobacteria in
clam (Liu et al., 2020), which is consistent with the observation
in this study. Moreover, this phenomenon was also observed in
other aquatic meat products, for example, the most dominant
phyla of Proteobacteria obtained the high proportion of 77.5%
in fresh oysters, with the prolong of refrigerated storage and
the process of spoilage, the proportion of Proteobacteria further
increased to 88.7% in spoiled oysters (Cao et al., 2018). The
relative abundance of Proteobacteria identified from frog meat
was 40.29% at Day 0; after storage of 12 days, Proteobacteria
become prevalent phyla with abundance of 95.41% (Chen et al.,
2021). The similar trend of bacterial abundance in different
seafood might illustrate a common spoilage profile, which has
been reported that significantly different bacterial composition in
different oyster species would end up with similar bacterial profile
as oyster spoiled (Madigan et al., 2014). The possible reasons
which caused the change of different bacterial community might
be related to selective action of different storage conditions and
different bacterial activities (Ashie et al., 1996; Naum et al., 2008;
Schmitt et al., 2012). Environment factors have been proven
to have a crucial role in microbiota, for instance, seasonal
variables and exposure to toxicants in environment alerted
the composition and metabolic activity of microbiota in fresh
Manila clams (Milan et al., 2018), high temperature of seawater
might favor the proliferation of opportunistic bacteria in Mytilus
coruscus (Li et al., 2018), and different sampling year of Mytilus
also affects the alpha diversity of microbiota (Ramirez et al.,
2022). Actinobacteriota was also detected with a great abundantly
proportion in clam (Liu et al., 2020), grass carp (Pan et al., 2018;
Shi et al., 2020), mussel meat (Odeyemi et al., 2019), and so
on. Nevertheless, the abundance rank of Actinobacteriota might
be varied in different species (Egerton et al., 2018; Shi et al.,
2020) or seafood from different origin (Liu et al., 2020). For
Acidobacteriota, the composition proportion of 19.27% at Day
0 sample was observed in this study, and the high abundance
of Acidobacteriota in fresh clam was also reported previously
(Liu et al., 2020). Even though Acidobacteriota was not the most
redundant phylum in bacterial communities, Acidobacteriota
often get together with other bacteria to account for a relatively

large proportion (Odeyemi et al., 2019; Shi et al., 2020). The
occurrences of Chloroflexi in shellfish are rarely reported, and
recent studies indicated a decrease of Chloroflexi in seafood at
the end of storage time (Odeyemi et al., 2019); in this study, the
continuous decline of Chloroflexi from 12.72 to 7.77% during
storage was also observed.

Between observed groups at different storage time, several
genera with significant change of proportion have been detected,
including Bradyrhizobium, Streptomyces, and Mycobacterium
between Day 0 and Day 1, Vicinamibacterales and Pseudolabrys
between Day 0 and Day 3, and so on. These significantly
distributed genera have also been reported in other aquatic
products. For example, Bradyrhizobium was occurred in the foot
and notum epidermis of nudibranchs (Zhukova et al., 2022).
In an investigation of the gut microbial community in olive
flounder (Paralichthys olivaceus) during different growth stages,
Bradyrhizobium was composed of the dominant genus at the
grower stage of the fish (Niu et al., 2020). It was also been reported
that Bradyrhizobium obtained the greatest number of sequences
in intestinal microbiota from adult pirarucu (Arapaima gigas)
(Pereira et al., 2017). Among the research of diet-affected
changes on gut microbiome of shrimp, Streptomyces was one
of the most abundant genera on diet-fed group (Prathiviraj
et al., 2021). Several genera mentioned in this study could also
been served as the probiotics in sustainable aquaculture, for
example, Streptomyces and Bacillus were reported to be good
candidates to protect fish and shrimp from pathogens (Tan
et al., 2016), or improve feed utilization and disease resistance
(Kuebutornye et al., 2019). Besides aquatic products, some genera
have also occurred in environment microbiome. For instance,
Vicinamibacterales, Xanthobacteraceae, and Pseudolabrys were
all reported to be composed of the soil microbiome in the
surface soil (Han et al., 2021); Panax notoginseng rhizosphere (Li
M. et al., 2020) and Andrographis paniculata rhizosphere (Li J.
et al., 2020), the abundance of these genera were correlated with
the plant yields.

In the clustering and PCA of genus abundance, it is noted
that the Day 0 group is separated from Day 1 and Day 3; the
clustering result indicated that from Day 0 to Day 1, significant
bacterial changes have occurred, followed by the further variation
from Day 1 to Day 3. The result is consistent with the statistical
result, in which bacterial abundance between Day 0 and other
observation time is significantly varied. Meanwhile, no statistical
significance can be detected between the genera at Day 1 and Day
3. In the multi-group testing of LEfSe analysis, Actinobacteria
class had a great impact on grouping of Day 1. Similarly, this
class of Actinobacteria has also been detected in other seafood,
for example, it was reported to occur in the gut microbiota
of freshwater fish (Jami et al., 2015) and composed of major
bacteria in the gut microbiota of the olive flounder (P. olivaceus)
(Niu et al., 2020). In the diversity evaluation by high-throughput
sequencing data, it could be seen that the indices of Sobs, Ace, and
Chao1 illustrate a great variation among the three replications
from samples of Day 1. The variation within the group might give
a hint on different bacterial community distribution of different
tissues or positions from R. philippinarum. The position-specific
bacterial distribution in aquatic products has been reported,
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and through 16S rRNA gene sequencing, it is found that the
midgut microbiome obtained higher alpha diversity indices than
the foregut and hindgut microbiomes in grass carp (Wang
et al., 2021) and large yellow croaker (Zhang et al., 2019). The
microbiota variance in different organs and sample positions
could be taken into consideration in the further study.

CONCLUSION

This study provided insights into bacterial composition of Manila
clams during refrigerated storage through high-throughput
sequencing. The diversity and richness of bacterial communities
were evaluated, and the relative abundance of major phyla and
genera was calculated based on sequencing result. The detected
bacterial change on retailed clam in the process of refrigerated
storage could provide theoretical evidence of risk assessment on
clam storage. Based on the result, the quality of clam could be
evaluated, and different controlling strategies could be tested to
prevent the bacterial change.
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Antimicrobial-resistant (AMR) foodborne bacteria causing bacterial infections pose a 
serious threat to human health. In addition, the ability of some of these bacteria to form 
biofilms increases the threat level as treatment options may become compromised. The 
extent of antibiotic resistance and biofilm formation among foodborne pathogens remain 
uncertain globally due to the lack of systematic reviews. We performed a meta-analysis 
on the global prevalence of foodborne pathogens exhibiting antibiotic resistance and 
biofilm formation using the methodology of a Cochrane review by accessing data from 
the China National Knowledge Infrastructure (CNKI), PubMed, and Web of Science 
databases between 2010 and 2020. A random effects model of dichotomous variables 
consisting of antibiotic class, sample source, and foodborne pathogens was completed 
using data from 332 studies in 36 countries. The results indicated AMR foodborne 
pathogens has become a worrisome global issue. The prevalence of AMR foodborne 
pathogens in food samples was greater than 10% and these foodborne pathogens were 
most resistant to β-lactamase antibiotics with Bacillus cereus being most resistant (94%). 
The prevalence of AMR foodborne pathogens in human clinical specimens was greater 
than 19%, and the resistance of these pathogens to the antibiotic class used in this 
research was high. Independently, the overall biofilm formation rate of foodborne pathogenic 
bacteria was 90% (95% CI, 68%–96%) and a direct linear relationship between biofilm 
formation ability and antibiotic resistance was not established. Future investigations should 
document both AMR and biofilm formation of the foodborne pathogen isolated in samples. 
The additional information could lead to alternative strategies to reduce the burden cause 
by AMR foodborne pathogens.
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INTRODUCTION

Infections caused antibiotic resistant bacteria are attributing to 
serious burdens for society (World Health Organization, 2021a) 
and where there are also threats to food safety and public 
health [Cania et al., 2018; FAO/OIE/WHO (Food and Agriculture 
Organization of the United Nations, World Organisation for 
Animal Health, World Health Organization), 2019]. It is estimated 
that 600 million people (almost 1  in 10) worldwide get sick 
from eating contaminated food and 420,000 die every year 
[World Health Organization (WHO), 2020a]. In the meanwhile, 
foodborne diseases cause huge economic losses in low- and 
middle-income countries, costing up to $110 billion annually 
[World Health Organization (WHO), 2020b]. Foodborne diseases 
are mainly caused by pathogenic microorganisms, such as 
Escherichia coli, Staphylococcus aureus, Campylobacter spp., 
Salmonella spp., and Vibrio parahaemolyticus [Kirk et  al., 2015; 
World Health Organization (WHO), 2020a]. It cannot be ignored 
that the emergence of antibiotic resistance of foodborne pathogens 
has a serious impact on public health (Cania et  al., 2018).

The use of antibiotics in the global food production system 
remains widespread and, concurrently, the development of 
antimicrobial resistance in humans, animals, plants, and the 
environment has accelerated [World Health Organization (WHO), 
2021b]. There is increasing recognition that bacteria in natural 
ecosystems can transmit antibiotic resistance genes to humans and 
where the principal mode of transmission is human ingestion of 
food containing drug-resistant bacterial pathogens (Martínez, 2013; 
Hernando-Amado et al., 2019). In many clinical and food settings, 
foodborne pathogenic bacteria can adhere to biotic or abiotic 
surfaces to form biofilms, which can mitigate the action of antibiotics 
(Coughlan et  al., 2016) and the results in decreased treatment 
efficacy (Guzman-Soto et al., 2021). According to the United States 
National Institutes of Health, biofilms mediate about 65% of human 
infections worldwide, and about 80% of chronic infections can 
be  directly related to the formation of biofilms (Lebeaux et  al., 
2014; Melander and Melander, 2015). Moreover, a lot of research 
indicates that pathogens that produce biofilms are significantly 
more resistant to antibiotics and biocides than planktonic or free-
living bacteria (Gebreyohannes et al., 2019; Karygianni et al., 2020).

Currently, foodborne pathogenic bacteria are monitored, globally, 
for resistance to important classes of antibiotics (Grundmann 
et  al., 2011). And, a large number of studies of about drug 
resistance of foodborne pathogens and the ability to form biofilm 
has been published worldwide (see Supplementary Material). 
However, a systematic study of this data has yet to be  reported. 
The aim of this meta-analysis is to systematically analyze (1) 
the global prevalence of antibiotic resistance and biofilm formation 
among foodborne pathogens and (2) the correlation between 
the antibiotic resistance and biofilm formation.

MATERIALS AND METHODS

Search Strategy
A meta-analysis based on PRISMA guidelines (Moher, 2010) 
and Cochrane recommendations (Cumpston et al., 2019) were 

employed to investigate the antibiotic resistance and biofilm 
production of foodborne pathogens. Information from curated 
databases and academic websites, including of PubMed, Web 
of Sciences, and China National Knowledge Infrastructure 
(CNKI) were evaluated for the suitability to the meta-analysis. 
The following keywords: “antibiotic resistance,” “biofilm,” 
“biofilm formation,” “foodborne pathogenic bacteria,” 
“foodborne disease,” and “Food Poisoning” were used to search 
the information sources. In addition, the literature search 
was truncated, for articles published between 1 January 2010 
and 31 December 2020, for six foodborne pathogen bacteria 
(Bacillus cereus, Escherichia coli, Listeria monocytogenes, 
Salmonella spp., Staphylococcus aureus, and Vibrio 
parahaemolyticus) and for ability to form biofilm. We  also 
searched Google Scholar to ensure the comprehensiveness of 
the literature search, inclusive of literature from preprint 
repositories (bioRxiv and medRxiv).

Selection Criteria
Literature was downloaded to EndNoteX9 and an initial screen 
removed duplicate information. Then eligible studies which 
met the following criteria was chosen: (1) pathogenic bacteria 
are common foodborne pathogens; (2) the pathogenic bacteria 
were isolates from food, patients with foodborne illness, or 
food practitioners with no search restrictions placed on human 
race, food type, sample size, and source; and (3) reported 
patterns of resistance of the foodborne pathogen and or the 
ability to form biofilm. Inclusion and exclusion of literature 
from the final analysis were performed, independently, by the 
authors, Qian Tao (TQ) and Qian Wu (WQ) by examining 
the titles, abstracts and full texts of the collected literature 
after the initial screen. This independent filtering of the literature 
minimized selection bias and a final selection was mediated 
through discussion or adjudication.

Data Extraction and Quality Assessment
The authors, TQ and WQ, independently extracted data from 
the final selection by using a standardized format which included: 
the name of the first author, the published year, the period 
of sample collection, location, varieties of food, disease types, 
pathogenic bacteria investigated, number of isolates, method 
of antibiotic susceptibility testing, guideline used to interpret 
antimicrobial sensitivities, reported antibiotic sensitivities, 
number of antibiotic-resistant strains, number of multidrug-
resistant strains, method of biofilm formation testing, biofilm 
types. If the information in a selection was unclear, an attempt 
was made to contact the author to verify the validity of the 
data. Merge tools and adapted version of the Joanna Briggs 
Institute (JBI) critical appraisal checklist (Moola et  al., 2020) 
and the Newcastle-Ottawa quality-assessment scale (Wells, 2014) 
were also used for data assessment.

Data Synthesis and Analysis
Stata (version 16) software was used for the statistical analysis 
of data from human and food studies. We  used a forest plot 
to visualize effect sizes and 95% CI, where the estimated 
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antibiotic resistance rate was a pooled according to the class 
of antibiotics used and type of bacteria. Preliminary analysis 
of data revealed that antibiotic resistance and biofilm formation 
were heterogeneous and a random-effects models was used to 
account for the heterogeneity across all the studies. The I2 
statistic was used to quantify the heterogeneity across studies 
according to the following classes: a low level (less than 25%), 
a moderate level (25%–50%), and a high level (more than 
75%; Higgins et  al., 2003; IntHout et  al., 2016).

Publication bias and subgroup analysis was completed by 
merging sample type and bacterial species. A funnel plot was 
used to show the extent of publication bias and a nonparametric 
scissor-complement analysis of publication bias was performed 
if bias existed. We  conducted subgroup analysis from sample 
type, geographic location, date of sample collection (before 
2010, 2011–2015, and 2016–2020) and susceptibility test.

RESULTS

Study Selection, Characteristics, and 
Quality Assessment
We identified 9,360 articles from electronic databases and 54 
articles from other sources. Duplicate articles were removed, 

and the remaining 8,741 articles were screened for eligibility 
via the title and contents of the abstract (Figure  1). This 
screening further reduced the number of articles to 647, and 
a review of the content excluded another 322 articles. The 
exclusion criteria included five studies, where the text was not 
accessible. Another 33 articles were review type articles, which 
included meta-analyses or letters to the editor and 41 studies 
reported on non-foodborne pathogens. A further 44 studies 
where the isolates were not attributed to food or human source, 
and 64 studies were on pathogenic bacteria which were isolated 
from water or other environmental sources. Finally, 120 studies 
did not contain sufficient and extractable data.

In total, 325 articles were included in the meta-analysis, where 
104 studies reported on antibiotic resistance in patients with 
foodborne illness and 244 studies reported on antibiotic resistance 
or biofilm formation in food. Twelve studies reported consequences 
for both food and patients (Supplementary Table  1), and 11 
studies were double-counted because they reported on the 
result of antibiotic resistance in multiple countries or multiple 
foodborne pathogens. No unpublished literature met the 
inclusion criteria.

The final selection of studies was conducted in 36 different 
countries and from six continents (Figure  2) with the Asian 
(n = 287[82%]) and Africa regions (n = 24[11%]) being 

FIGURE 1 | Study selection.
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FIGURE 2 | Geographical distribution of reported resistance of the pathogens isolated from food or humans.

predominant. The antibiotic resistance or biofilm formation of 
following foodborne pathogens were evaluated: Bacillus cereus 
(n = 9[3%]), Escherichia coli (n = 37[11%]), Listeria monocytogenes 
(n = 19[5%]), Vibrio parahaemolyticus (n = 129[37%]), Salmonella 
(n = 85[24%]), and Staphylococcus aureus (n = 58[17%]). All the 
included studies used a cross-sectional design, and these studies 
were published in journal articles except for one which was 
a dissertation.

The 244 food studies included 34,746 isolates of pathogenic 
bacteria and these strains were isolated from a number of 
food groups, mainly raw meat (raw beef, mutton, chicken, 
duck, and pork), raw milk, aquatic products (fish, shrimp, 
crab, and other seafood), vegetables, and ready-to-eat foods. 
Only 11 studies reported on the formation of foodborne 
pathogenic bacteria biofilms, and the biofilm formation of these 
752 isolates were measured by quantitative microtiter assay. 
The 104 human population studies were concentrated foodborne 
diarrhea patients (n = 93[89%]), food poisoning patients 
(n = 10[10%]), and food practitioners (n = 1[1%]). Further detailed 
of these studies study is shown in the Table  1.

To ensure the reliability of the meta-analysis results, 
we  evaluated the quality of the included literature in terms 
of research purposes, research objects, and research methods, 
etc. Quality assessment results showed that overall was very 
complete, there was a low risk of bias (Supplementary Table 4). 
Both human studies and food studies, which purpose and 

results of the research are clearly described. The sample 
characteristics and select of study subjects may cause bias 
notwithstanding, there are some studies (62% food studies and 
30% human studies) with poor description in this part. A full 
description of the measurement methods and guidelines of 
antimicrobial sensitivities and biofilm formation was provided 
in 96% (n = 234) of the food studies and 90% (n = 94) of the 
human studies.

Prevalence of Antibiotic Resistant 
Foodborne Pathogens
The pooled prevalence of foodborne pathogens resistant to 
classes of tested antibiotics in food and human studies are 
shown in Table 2. The mean prevalence of antimicrobial resistant 
foodborne pathogens isolated in foods was ≥11% and the 
majority of these foodborne pathogens were highly resistant 
to β-lactam antibiotics. The combined or pooled prevalence 
of B. cereus resistant to β-lactams antibiotics from all the food 
studies was 94% (95% CI, 91%–98%), although the presence 
of B. cereus in food was only reported in six studies. The 
prevalence of Escherichia coli which was resistant to all classes 
of antibiotics tested ranged from 56% (95% CI, 45%–67%) to 
25% (95% CI, 15%–34%). Comparatively Salmonella was more 
resistant to chloramphenicol (32, 95% CI, 21%–43%) and 
V. parahaemolyticus was mildly resistant to sulfonamides (14, 
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95% CI, 10%–18%) and tetracyclines (14, 95% CI, 11%–17%). 
The Gram-positive pathogen, L. monocytogenes, was also mildly 
resistant to fluoroquinolones (11%; 95% CI, 6%–16%) and 
sulfonamides (11%; 95% CI, 3%–19%). Lastly S. aureus is 
susceptible to treatment with chloramphenicol (17 9% CI, 
12%–19%) when compared to other antibiotics.

As shown in Table  2, the mean prevalence of antibiotic 
resistant foodborne pathogens isolated from human samples 
was ≥19% and the outlier was the mean prevalence of tetracycline 
resistant V. parahaemolyticus (2%; 95% CI, 0%–4%). In tandem 
to pathogens isolated from food samples, the mean prevalence 
of the pathogen group to β-lactams antibiotics resistance was 
high, with B. cereus at 81% (95% CI, 75%–86%), 
V. parahaemolyticus at 76% (95% CI, 69%–82%) and 
L. monocytogenes at 54% (95% CI, 38%–70%). The pattern of 
resistance to the classes of antibiotics tested for Gram negative 
and Gram-negative pathogens is similar to those isolated from 

the food samples with the exception of L. monocytogenes. The 
Gram-positive bacterium, L. monocytogenes, appears to be highly 
resistant to fluoroquinolones but this information is only based 
on 1 study.

Subgroup Analysis by Food Types
For the food studies, studies with clear classification of food 
samples were included in our subgroup analysis, mainly in 
the following categories: aquatic products, meat, milk, and 
dairy products, RTE-food. Table  3 shows the prevalence of 
foodborne pathogen food isolates resistant to antibiotics in 
different food types. The prevalence of multi-drug resistant 
(MDR) pathogen was ≥36% for all food types, with the highest 
rates in meat (52%; 95% CI, 40–60). Also in all food types, 
pathogens resistant to β-lactams were most common (≥57%). 

TABLE 1 | Included studies characteristics.

Study characteristics
Human studies 

(n = 104)
Food studies  

(n = 244)

Location
Africa 2 (2%) 22 (9%)

Asia 99 (95%) 188 (77%)
Europea 1 (1%) 6 (2%)
North America — 10 (4%)
Oceania — 1 (1%)
South America 2 (2%) 6 (2%)
Period
2000–2010 21 (20%) 51 (21%)
2011–2015 48 (46%) 108 (44%)
2016–2020 35 (34%) 74 (30%)
Method of antimicrobial susceptibility testing
Disk diffusion 46 (44%) 156 (64%)
MIC 44 (42%) 61 (25%)
Vitek 10 (10%) 10 (4%)
Others — 4 (2%)
Not reported 4 (4%) 2 (1%)
Guidelines used to interpret antimicrobial sensitivities
CLSI 85 (82%) 199 (82%)
EUCAST 2 (2%) 1 (1%)
NCCLS 6 (6%) 13 (5%)
Others 1 (1%) 6 (2%)
Not reported 10 (10%) 14 (6%)
Bacteria studied
Bacillus cereus 1 (1%) 8 (3%)
Escherichia coli 11 (10%) 26 (11%)
Listeria monocytogenes 1 (1%) 18 (7%)
Vibrio parahaemolyticus 50 (48%) 79 (32%)
Salmonella 36 (35%) 49 (20%)
Staphylococcus aureus 5 (5%) 53 (22%)
Source of isolate
Aquatic products — 78 (32%)
Meat — 50 (20%)
Milk and dairy products — 12 (5%)
RET-food — 13 (5%)
Others — 80 (33%)
Foodborne diarrhea patients 93 (89%)
Food poisoning samples 10 (10%)
Food handlers 1 (1%)
Biofilm forming ability — 11 (5%)

TABLE 2 | Pooled prevalence of antibiotic resistance from meta-analysis of food 
studies and human studies, by antibiotic category.

Food studies Human studies

Articles (n)
Prevalence 
% (95% CI)

Articles (n)
Prevalence 
% (95% CI)

Gram-negative bacterium
Escherichia coli
Aminoglycosides 11 32 (19–46) 8 25 (19–31)

β-Lactams 19 56 (45–67) 10 61 (51–70)
Chloramphenicol 8 25 (15–34) 6 19 (8–30)
Fluoroquinolones 12 37 (22–52) 8 38 (18–58)
Sulfonamides 19 48 (30–65) 9 39 (26–52)
Tetracyclines 21 54 (41–57) 9 49 (43–55)
Salmonella
Aminoglycosides 31 39 (31–47) 17 44 (27–61)
β-Lactams 42 47 (38–55) 33 56 (47–66)
Chloramphenicol 18 32 (21–43) 18 33 (24–42)
Fluoroquinolones 42 44 (30–59) 24 50 (40–60)
Sulfonamides 34 42 (29–54) 26 43 (32–54)
Tetracyclines 30 56 (47–64) 27 45 (35–54)
Vibrio parahaemolyticus
Aminoglycosides 39 45 (36–53) 14 22 (11–33)
β-Lactams 77 77 (71–83) 37 76 (69–82)
Fluoroquinolones 7 13 (7–19) 8 19 (−7–44)
Sulfonamides 36 14 (10–18) 11 25 (−1–52)
Tetracyclines 22 14 (11–17) 6 2 (0–4)
Gram-positive bacterium
Bacillus cereus
β-Lactams 6 94 (91–98) 1 81 (75–86)
Sulfonamides 3 32 (6–58) 1 66 (60–73)
Listeria monocytogenes
Aminoglycosides 6 21 (8–35) — —
β-Lactams 13 45 (27–63) 1 54 (38–70)
Chloramphenicol 8 30 (11–49) - -
Fluoroquinolones 9 11 (6–16) 1 62 (47–78)
Sulfonamides 6 11 (3–19) — —
Tetracyclines 13 22 (15–30) 1 30 (15–44)
Staphylococcus aureus
Aminoglycosides 33 30 (24–36) 2 30 (−12–73)
β-Lactams 45 78 (73–82) 3 68 (32–102)
Chloramphenicol 17 16 (12–19) — —
Fluoroquinolones 27 23 (19–28) 1 36 (8–65)
Sulfonamides 19 31 (19–43) 2 35 (5–66)
Tetracyclines 43 41 (33–48) 4 28 (4–52)
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TABLE 3 | Subgroup analysis of antibiotic resistance by food types.

Aquatic products Meat Milk and dairy products RTE-food

Articles (n)
Prevalence % 

(95% CI)
Articles (n)

Prevalence % 
(95% CI)

Articles (n)
Prevalence % 

(95% CI)
Articles (n)

Prevalence % 
(95% CI)

MDR 9 42 (26–58) 16 52 (40–63) 4 43 (1–84) 8 36 (21–51)
Aminoglycosides 38 43 (34–51) 36 29 (31–47) 7 33 (14–51) 6 35 (24–46)
β-Lactams 65 73 (66–81) 42 62 (52–70) 9 61 (45–77) 10 57 (34–83)
Chloramphenicol — — 19 36 (21–51) 4 21 (17–25) 4 25 (16–34)
Fluoroquinolones 11 13 (8–19) 38 39 (25–53) 5 30 (14–46) 9 25 (16–34)
Sulfonamides 34 14 (11–17) 32 47 (31–63) 7 62 (46–78) 7 43 (10–76)
Tetracyclines 21 22 (9–35) 36 62 (54–70) 9 28 (2–55) 8 43 (24–63)

TABLE 4 | Subgroup analysis of antibiotic resistance by study population.

Diarrhea patients Food poisoning samples Food handlers

Articles (n) Prevalence % (95% CI) Articles (n) Prevalence % (95% CI) Articles (n) Prevalence % (95% CI)

Aminoglycosides 34 32 (23–42) 4 11 (0–21) 1 23 (16–29)
β-Lactams 78 65 (60–71) 6 78 (62–95) 1 65 (57–72)
Chloramphenicol 23 29 (21–37) — — 1 37 (30–45)
Fluoroquinolones 41 42 (30–53) 2 22 (6–39) — —
Sulfonamides 46 39 (27–52) 2 14 (2–26) 1 47 (37–52)
Tetracyclines 42 41 (33–48) 5 21 (3–39) 1 46 (37–52)

In aquatic products, the pooled prevalence of isolates resistant 
to fluoroquinolones and sulfonamides were both around 13%, 
but resistance to β-lactams was over six times higher.

Subgroup Analysis by Study Population
Foodborne pathogens isolated from three groups in human 
studies also had the highest resistance to β-lactams antibiotics 
(Table  4). The mean prevalence of antibiotic resistant 

pathogens among foodborne diarrhea patients were ≥32%, 
with mean prevalence of resistant isolates to sulfonamides 
of 39% (95% CI, 27%–52%) and tetracyclines at 41% (95% 
CI, 33%–48%). In comparison to the other groups, the 
antibiotic resistance rate of food poisoning sample isolates 
were lower, except for resistance to β-Lactams which was 
similar. Only one study (Xu et  al., 2019) delineated the 
antibiotic resistance Salmonella isolates, the predominant 
resistance was to β-lactams (65%), followed by that of 
sulfonamides (47%), tetracyclines (46%).

Subgroup Analysis by Region, Time Period, and 
Susceptibility Test
Table  5 shows the regional distribution of reported resistance 
profile of the pathogens isolated from food or humans and 
where the majority of the studies were concentrated in Asia 
(>75%). In South America, the pooled prevalence of antibiotic 
resistant pathogens was as high as 97% (food) and 90% (humans). 
In contrast, the prevalence of antibiotic resistant pathogens 
isolated from human samples was only 48% (95% CI, 40–55) 
in Europe. Overall, there was a decrease in the prevalence 
pathogens resistance of food isolate decreased from75% (95% 
CI, 65–85) before 2010 to 72% (95% CI, 66–79) during in 
2011–2015, then increased to 80% (95% CI, 77–84) between 
in 2016–2020. The pathogens resistance of human isolate had 
changed with the time of collection, and which had the same 
resistance trend with food isolate. In general, we  found that 
a trend of antimicrobial resistance of foodborne pathogens 
firstly decreasing and then increasing during 2000–2020. 
Subgroup analysis by susceptibility test group showed higher 

TABLE 5 | Subgroup analysis of antibiotic resistance by region, time period and 
susceptibility test.

Food studies Human studies

Articles (n)
Prevalence %  

(95% CI)
Articles (n)

Prevalence %  
(95% CI)

Region
Africa 19 80 (75–86) 2 92 (82–102)

Asia 149 77 (73–81) 93 82 (80–84)
Europe 6 78 (68–89) 1 48 (40–55)
North America 10 76 (66–87) — —
Oceania 1 85 (74–95) — —
South America 6 97 (95–99) 2 90 (80–100)
Period
Before 2010 40 75 (65–85) 19 80 (75–84)
2011–2015 75 72 (66–79) 38 79 (75–83)
2016–2020 51 80 (77–84) 30 82 (78–86)
Susceptibility test
Disk diffusion 36 82 (79–85) 112 78 (75–81)
MIC 39 77 (72–82) 47 69 (59–79)
Vitek 9 88 (83–93) 9 90 (85–95)
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rates of antibiotic resistance tested with Vitek (automatic drug 
sensitivity analyzer) compared to used disk diffusion and 
minimum inhibitory concentration (MIC).

Prevalence of Biofilm Formation in 
Foodborne Pathogens
According to meta-analysis of biofilm formation rate in foodborne 
pathogen retrieved from food samples that shown in Figure  3, 
the combined rate of biofilm formation was 90% (95% CI, 
81–100). Considerable heterogeneity was detected between the 
studies, with I2  = 98.5%, Q (10) = 151.11, p < 0.001, which most 
likely due to the inclusion of multiple species of bacteria. Among 
them, Staphylococcus aureus was the most prone to produce 
biofilms, all the Staphylococcus aureus isolates from food in 
the four studies can form biofilm. It is worth mentioning that 
Ou et  al. (2020) investigated the antimicrobial resistance and 
biofilm formation of staphylococcus aureus in food, and reported 
64.8% of 165 antibiotic resistant strains had strong biofilm 
formation ability, study describes the significant correlation 
between antibiotic resistance and biofilm formation.

Publication Bias
The Begg’s test for funnel plot of the resistance rate of pathogenic 
bacteria in food and human studies shows that both were 
exist visual asymmetry evidence, therefore a trim and fill 
procedure was executed. Funnel plot were produced for of 

biofilm formation rate of foodborne pathogen retrieved from 
food samples too, which no evidence of publication bias. Funnel 
plot shown in Appendix, Supplementary Material.

DISCUSSION

Prevalence of Antibiotic Resistance of 
Foodborne Pathogens
This meta-analysis showed that foodborne pathogens present 
high levels of antibiotic resistance, both in food samples and 
clinical specimens. Worldwide, rates of resistance to β-lactams 
were the highest, irrespective of types of foodborne pathogens. 
Analogously, a meta-analysis by Jia et  al. (Kai et  al., 2020) 
retrieved resistance data of Staphylococcus aureus isolates from 
retail foods, between 2007 and 2017 from70, The main finding 
was that resistance by S. aureus found in retail foods to seven 
types of antibiotics ranged from 8% to 87% with the most 
serious resistance being to beta-lactam antibiotics.

Overall, human isolates of Salmonella and Listeria 
monocytogenes are significantly more resistant to various 
antibiotics than food isolates. According to the Microbiological 
Risk Assessment 2020 report, Salmonellosis is one of the most 
common zoonotic diseases; the number of listeriosis had 
increased compared to before [EFSA (European Food Safety 
Authority), 2020], which might be  related to the increased 
antibiotic resistance of pathogenic bacteria. Our research found 

FIGURE 3 | Forest plot of the meta-analysis of biofilm formation rate in foodborne pathogen retrieved from food samples. Study 1: Lapierre et al. (2020). Study 2: 
Lopez-Leon et al. (2016). Study 3: Rodríguez-Lázaro et al. (2018). Study 4: Beshiru and Igbinosa (2018). Study 5: Beshiru et al. (2018). Study 6: Chen and Xie 
(2019). Study 7: Maia et al. (2020). Study 8: Ou et al. (2020). Study 9: Puah et al. (2018). Study 10: Wang et al. (2020). Study 11: Kim et al. (2018).
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a resistance rate increase of 41%–52% in the proportion of 
isolates that were Listeria monocytogenes resistant to 
fluoroquinolones in human studies compared with food studies. 
By contrast, for the other pathogens, there is no absolute 
difference in antibiotic resistance between humans and food 
isolates. For example, for Escherichia coli, food isolates are 
more resistant to β-lactams and fluoroquinolones than human 
isolates, which had an opposite of resistance to the other four 
types of antibiotics.

In the subgroup analysis by food types, foodborne pathogenic 
bacteria in meat were significantly more resistant to antibiotics 
than other food isolates, which might be related to the amount 
of antibiotics used. In farming, antibiotic use in food animal 
production accounts for two-thirds of the overall antibiotic 
usage (Done et al., 2015). Meat contamination is mainly caused 
by Escherichia coli, Salmonella, and Staphylococcus aureus 
(Adesokan et al., 2020), our reported pooled multi-drug resistance 
rate of foodborne pathogens in meat was 52%, which was 
similar to the reported antimicrobial resistance in zoonotic 
and indicator bacteria from food by EFSA (European Food 
Safety Authority) and ECDC (European Centre for Disease 
Prevention and Control) (2021). Meanwhile, we  find that the 
resistance of pathogenic bacteria in meat to antibiotics were, 
in increasing order of resistance, aminoglycosides, 
chloramphenicol, fluoroquinolones, sulfonamides, β-lactams, 
and tetracyclines. To 62% resistance to tetracyclines and β-lactams 
was observed.

In the subgroup analysis by study population, we  found 
that pathogenic bacteria isolated from food handlers and 
foodborne diarrhea patients have similar drug resistance. The 
antibiotic resistance of pathogenic bacteria in food handlers 
was significantly stronger than that in food poisoning samples, 
except for resistance to β-lactams. Because of direct or indirect 
contact with food, food handlers are likely to transmit drug-
resistant foodborne pathogens to consumers through food. 
Franck et  al. (2014) found that in the 191 foodborne disease 
outbreaks in Denmark between 2005 and 2011, food handlers 
played an indispensable role. There have also been 43 cases 
of infections caused by Salmonella carried by food handlers 
in the United  States (Kimura et  al., 2005).

In general, the antibiotic resistance rates of foodborne 
pathogens from six continents were at high levels, regardless 
of the source or food samples isolated from clinical specimens. 
A notable finding was the difference in the summary analysis 
value of antibiotic resistance rate of foodborne pathogens 
between regions, which was significantly higher in Africa and 
South America compared to others. While most countries in 
South America and Africa are low-income and middle-income 
countries, antibiotic consumption was greater than in high-
income countries (Klein et  al., 2020). Heavy use of antibiotics 
will make the enhanced bacterial resistance (Oliveira et  al., 
2021), in the European Union and the United States, according 
to reports, agriculture accounts for more than 75% of the 
annual antibiotic use; between 2011 and 2014, the use of 
antibiotics in 24 European Union countries fell by 12% [OECD 
(Organization for Economic Cooperation and Development), 
2016]. By time period, in our subgroup analysis, antibiotic 

resistance of foodborne pathogens also declined during 2011–
2015. In general, we detected that the resistance rate foodborne 
pathogens in food samples and human specimens had increased.

In the studies included, most of the studies applied the 
antibiotic susceptibility testing methods (disk diffusion and 
MIC) recommended by the Clinical and Laboratory Standards 
Institute (CLSI Clinical and Laboratory Standards Institute, 
2019). Our meta-analysis shows that foodborne pathogens 
measured with Vitek had a higher resistance rate, which might 
be  related to the higher sensitivity of the automatic drug 
sensitivity analyzer (Nakasone et  al., 2007). In fact, sensitivity 
testing methods will not have a substantially impact on bacterial 
resistance. The resistance of foodborne pathogens bacteria 
depends on several factors, such as type of bacteria, the type 
of food and disease, the source of the sample, and other 
related factors.

Prevalence of Biofilm Formation of 
Foodborne Pathogens
We described the biofilm formation rate of foodborne pathogen, 
and most foodborne pathogens have the ability to form biofilms 
in the food studies included. Due to lack of relevant research, 
we  did not find evidence of biofilm formation of foodborne 
pathogens isolated from humans.

The mechanisms by which biofilms promote resistance of 
bacteria to antimicrobials is very complicated. A series of 
molecular mechanisms occur can conduce to the stability of 
the biofilm microbial community (Hall and Mah, 2017). These 
occur in the main in the following three ways. First, interaction 
between biofilm matrix components and antibiotics; there are 
factors in the biofilm that can reduce the penetration rate of 
antibiotics (Boudjemaa et al., 2016; Singh et al., 2016). Second, 
bacteria in biofilms evade external stimuli by reducing their 
growth rate (Walters et  al., 2003; Borriello et  al., 2004). Third, 
the role of specific genetic determinants of antibiotic resistance 
in biofilms, such as efflux pumps (Van Acker and Coenye, 
2016), quorum sensing (Chua et  al., 2016), colony variants 
(Proctor et  al., 2006), et  al. The results of our meta-analysis 
show that 90% of the 752 foodborne pathogens can form 
biofilms, this provides the possibility of enhancing their resistance. 
However, due to the limitations of existing research, we cannot 
provide evidence of a direct linear relationship between biofilm 
formation ability and antibiotic resistance.

Strengths and Limitations
To our knowledge, this study is the first comprehensive 
meta-analysis of global prevalence of antibiotic resistance 
and biofilm formation in foodborne pathogens. We  were 
able to include 11 studies (Supplementary Table  3) with 
assess the biofilm formation of foodborne pathogens in food, 
and the relationship between the ability of biofilm formation 
and antibiotic resistance was discussed. One of our main 
advantages is that strict compliance with PRISMA guidelines 
(Moher, 2010), we have adopted strict standards and limited 
to research that analyzed the resistance of foodborne pathogen 
in food and humans, the reservoirs of pathogenic bacteria, 
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and the main vehicle of antibiotic resistance transmitted 
through the food chain.

Our meta-analysis has some limitations. First, there was 
significant heterogeneity among the included studies in the 
analysis. As we undertook a bundled meta-analysis (Tang et al., 
2017), it is reasonable that no relevant reduction of heterogeneity 
was detected when we conducted subgroup analysis from sample 
type, region, date of sample collection and susceptibility test. 
Furthermore, another potential source of heterogeneity may 
be related to antibiotic consumption patterns in various regions. 
Second, because of we  limited by study quality, there was 
potential data reporting bias in this meta-analysis. Studies 
which met the inclusion criteria and which reported the 
prevalence of antibiotic resistance of foodborne pathogens 
isolated from food handlers was scarce and is, as a consequence, 
poorly represented.

CONCLUSION

In conclusions, this study provides a comprehensive overview 
of global antibiotic resistance of foodborne pathogen in food 
and humans, which shows worrying levels of resistance in some 
parts of the world, where one possible explanation is large and 
irregular use of antibiotics. Following preliminary pooling of 
data relating to biofilm formation of pathogenic bacteria, our 
analysis shows that foodborne pathogens have a high tendency 
to form biofilms. It is less clear that a direct linear relationship 
exists between the ability to form biofilms and antibiotic resistance. 
It is recommended that future research should thoroughly explore 
the relationship between the ability of biofilm formation and 
the antibiotic resistance of foodborne pathogens and provide a 
new theoretical basis for the discovery of the mechanism of 
foodborne pathogens’ antibiotic resistance. Therefore, frequent 
monitoring of types, antibiotic resistance and biofilm characteristics 
of foodborne pathogens in clinical and environmental is urgently 

needed to raise our awareness of antibiotic resistance and its 
spread, and prompt the development of effective strategies to 
improve food safety and prevent foodborne illness infection.
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Aflatoxin B1 (AFB1) has mutagenesis, carcinogenesis and teratogenesis effects and
mainly found in food crops and their processed foods. AFB1 exposure can cause acute
or chronic liver poisoning, but there were few studies on the persistent effects of acute
AFB1 exposure on the liver. In this study, rat liver injury models were established 2 and
7 days after single exposure to high and low doses of AFB1. The persistent effects
of AFB1 single acute exposure (ASAE) on rat liver were analyzed from the phenotypic
and genetic levels. The results showed that compared with the control group, liver
function indexes, MDA content in liver and the number of apoptotic hepatocytes in
model groups increased to the highest on the 2nd day after ASAE (p < 0.001).
However, the changes of liver coefficient were most significant on the 7th day after
ASAE (p < 0.01). The results of liver pathology showed that the liver injury was not
alleviated and the activities of antioxidant enzymes GSH-Px and SOD were the lowest
on the 7th day (p < 0.001). RNA-Seq results indicated that there were 236, 33, 679,
and 78 significantly differentially expressed genes (DEGs) in the model groups (LA-2d,
LA-7d, HA-2d, HA-7d) compared with the control group. Among them, the Gtse1 gene
related to the proliferation, differentiation and metastasis of liver cancer cells, the Lama5
and Fabp4 gene related to the inflammatory response were significantly DEGs in the four
model groups, and the differential expression of the immune system-related Bcl6 gene
increased with the prolonged observation time after ASAE. In conclusion, ASAE can
cause persistent liver damage in rats. The persistently affected genes Lama5, Gtse1,
Fabp4, and Bcl6 possess the potential to be therapeutic targets for liver disease induced
by AFB1.

Keywords: aflatoxin B1, RNA-seq, hepatotoxicity, target gene, oxidative stress

INTRODUCTION

Aflatoxins (AFs) is a general term for a class of highly toxic secondary metabolites produced
by Aspergillus parasiticus and Aspergillus flavus. Crops such as grain and oilseed are easily
contaminated by AFs during planting, harvesting, storage and processing. In addition, its physical
and chemical properties are stable. Therefore, there is a great risk of harming animal and human
health through the food chain (Rushing and Selim, 2019). At present, more than 20 kinds of AF
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TABLE 1 | Different animal models were established to explore the effects of AFB1 on liver.

Species Dose Modeling time (d) Breeding time after modeling (h) Effect (liver injury) References

Rat 2 mg/kg 1 48 Acute Deng et al., 2020

Rat 1 mg/kg 1 96 Acute Monmeesil et al., 2019

Mice 3 mg/kg 2 12 Acute Ishida et al., 2020

Mice 100 µg/day 14 12 Chronic Long et al., 2016

Mice 0.75 mg/kg 30 24 Chronic Xu et al., 2019

Rat 20 µg/day 42 24 Chronic Nayak and Sashidhar, 2010

Rat 25 µg/day 90 24 Chronic El-Agamy, 2010

have been found, among which AFB1 is the most toxic and most
common, and the target organ of its toxic effect is mainly the liver
(Hussein and Brasel, 2001). A warm and humid environment is
easy to cause a large amount of AFB1 pollution (Abrar et al.,
2013), so acute or chronic poisoning is often caused by dietary
exposure to AFB1. Table 1 lists the effects of different doses of
AFB1 and modeling time on the liver in some studies. It can
be seen from the table that AFB1 can cause acute or chronic
poisoning in the liver. But viewed from the model, there are few
studies on the lasting effects of AFB1 exposure on the liver.

AFB1 is metabolized by the P450 enzyme system in the liver
into the ultimate carcinogen aflatoxin B1-8, 9-epoxide (AFBO),
which has strong oxidation ability and can induce the body
to produce a large amount of reactive oxygen species (ROS)
(Guengerich et al., 1998). AFBO can covalently bind to DNA
guanine N7 to form adduct AFB1-N7-guanine (Lin et al., 2014),
and oxidize guanine to produce DNA damage marker 8-OH-
deoxyguanine (Bailey et al., 1996; Wang and Groopman, 1999).
In addition, excessive ROS will break the dynamic balance
of the redox system and cause oxidative stress reaction. It
also attacks cells, causing cells damage and inducing apoptosis.
Therefore, this study explored the liver injury in model rats
by analyzing the changes of phenotypic indicators related to
oxidative stress response.

RNA-seq is a widely used parallel sequencing method.
Through this technology, the complete transcript of the test
sample and its expression level can be found (Wang et al.,
2009). From the obtained data, we can not only know individual
genes but also understand the functional pathways of gene
enrichment through the analysis of functional database. RNA-
seq data has been used to analyze the underlying mechanism

TABLE 2 | Primer information.

Gene Primer sequence (5′to′) Number of bases

β-Actin Forward: AGCGTGGCTACAGCTTCACC 20

Reverse: AAGTCTAGGGCAACATAGCACAGC 24

Lama5 Forward: TTCACAGGAGAGCGGTGTTC 20

Reverse: CGTTGCAGTCACAGTTCACG 20

Ccnd1 Forward: TCAAGTGTGACCCGGACTG 19

Reverse: GACCAGCTTCTTCCTCCACTT 21

Cdkn1a Forward: TGTGATATGTACCAGCCACAGG 22

Reverse: GCGAAGTCAAAGTTCCACCG 20

Gpx2 Forward: ATCAGTTCGGACATCAGGAGA 21

Reverse: TCACCATTCACCTCGCACTT 20

of carotid atherosclerosis (CAS). Differential and functional
enrichment analysis of sequencing data from CAS patients and
control group showed that inflammation and immune response
were the potential pathogenesis of CAS, and significant DEGs
CCR5, NPY, and NPY5R were potential therapeutic targets of
CAS (Li et al., 2021). The method is also often used to study
cancer therapeutic targets. Bioinformatics analysis of DEGs in
ovarian cancer and normal tissue showed that they were mainly
concentrated in metabolic, cell cycle regulation and antibiotic
biosynthesis pathways. Meanwhile, 10 central genes including
CCNB2, TYMS and KIF11 were analyzed (Yang et al., 2020).
Sorafenib is the only FDA approved oral multi-target tyrosine
kinase inhibitor that promotes apoptosis, reduces angiogenesis
and inhibits tumor cell proliferation in the treatment of liver
cancer. However, drug resistance and side effects of varying
degrees were found in the process of drug use (Trojan and
Zeuzem, 2013; Rota Caremoli and Labianca, 2014). Therefore,
more potential genes for targeted treatment of liver diseases can
be searched through gene sequencing technology.

This paper explores the sustained effects of AFB1 on the rat
liver by establishing a model of ASAE. Based on this model,
the RNA-Seq data were analyzed to find potential target genes
for the treatment of liver diseases caused by AFB1, providing
a new research basis for the development of targeted therapy
for liver diseases.

MATERIALS AND METHODS

Chemicals
Aflatoxin B1 (≥ 99%) and Dimethyl sulfoxide (DMSO) were
purchased from Shanghai Acmec Biochemical Co., Ltd., and
Sangon Biotech Co., Ltd. (Shanghai, China), respectively.
Assay kits for the measurements of malondialdehyde (MDA),
superoxide dismutase (SOD) Glutathione peroxidase (GSH-Px)
and total protein (TP) were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Assay kits for the total
RNA extraction, PowerUp SYBR Green Master Mix (Thermo
Fisher Scientific, America) and HiScript III-RT SuperMix for
qPCR (Vazyme, China).

Animals
A total of 36 male Wistar rats were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. Body weight (BW): 180-200 g.
All rats were housed in an environmentally controlled room at
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22-24◦C with a relative humidity of 50-55% under a cycle of
12 h each light/dark. Food and water were available ad libitum.
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanghai
University of Traditional Chinese Medicine and approved by
the Animal Ethics Committee of Animal Center of China and
Shanghai University of Traditional Chinese Medicine (Ethics
number: PZSHUTCM210115014).

Experimental Design
After one week of adaptive feeding, 36 rats were randomly
divided into 3 groups (12 in each group): blank group (CK):
normal breeding; AFB1 high-dose (HA) group: AFB1 was
intraperitoneal injection with a dose of 2 mg/kg BW, only once;
AFB1 low-dose (LA) group: AFB1 was intraperitoneal injection at
a dose of 1 mg/kg BW, only once (AFB1 soluble in 4% DMSO).
The experimental doses of AFB1 were determined according to

references and results of pre-experiment (Monmeesil et al., 2019;
Deng et al., 2020).

The above dose groups were determined based on references
and preliminary experiments. The concentration of DMSO did
not affect the normal growth of rats (Chen et al., 2020). Blood
samples were collected from ocular venous plexus at the 1st, 4th
and 7th day after ASAE and serum were prepared. On the 2nd
day after ASAE, 6 rats in each group were randomly selected to
weigh their final body weight. The rats were anesthetized with
10% chloral hydrate (350 mg/kg). After anesthesia, the rats were
dissected, the blood of abdominal aorta was taken, the liver was
separated, washed with normal saline, sucked dry and weighed.
Liver tissues of an appropriate size were taken from the same
part of the liver of each rat and soaked in 4% paraformaldehyde
solution, which was fully fixed for histopathological study, and
the rest tissues were frozen in liquid nitrogen and stored in
a cryogenic refrigerator at −80◦C for use. The remaining 6

FIGURE 1 | Changes of (A) body weight, (B) liver index, and (C–G) liver pathological morphology with time after ASAE in rats (HE, × 100). 0: weight before ASAE; 1
and 4: weight on 1st and 4thr days after ASAE; 2 and 7: weight and index on 2nd and 7th days after ASAE. LA-2d and HA-2d: rats were sacrificed on the 2nd day
after ASAE. LA-7d and HA-7d: rats were sacrificed on the 7th day after ASAE. The data are expressed as mean ± standard deviation. Different letters representing
significant difference (p < 0.05) (the same below).
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rats in each group were treated with the same method on the
7th day after ASAE.

Hepatic Pathological Examination
After being fixed in 4% paraformaldehyde for 24 h, the liver was
removed and dehydrated in graded alcohol series, transparent in

xylene. Tissues were embedded in paraffin, and paraffin blocks
were then cut to 4 µm thickness using a microtome (RM2016,
Shanghai Leica Instrument Co., Ltd., Germany). These sections
were deparaffinized, rehydrated and stained using hematoxylin-
eosin (HE) and then analyzed by optical microscopy (Nikon
Eclipse E100, Japan) to evaluate histopathological changes.

FIGURE 2 | Effect of AFB1 on serum liver function indicators in rats. (A) Serum alanine aminotransferase (ALT), (B) aspartate aminotransferase (AST), (C) alkaline
phosphatase (ALP) activities, and (D) total bilirubin (TBIL) were measured. 0: serum samples before ASAE; 1, 2, 4 and 7: serum samples on 1st, 2nd, 4th and 7th
days after ASAE.

FIGURE 3 | Effect of AFB1 on apoptosis in rat hepatocytes. (A–E): representative images of TUNEL staining (× 200), (F): TUNEL assay for percentage of hepatocyte
apoptosis.
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Observe the morphologies of the liver and spleen tissues were
observed at 100 ×.

Determination of Biochemical Indices in
Serum and Liver
The serum was separated and measured the levels of alanine
aminotransferase (ALT), alkaline phosphatase (ALP), aspartate
aminotransferase (AST) and total bilirubin (TBIL) by automated
chemistry analyzer (ADVIA 2120i, Hitachi, Ltd., Japan). The
activities of SOD and GSH-Px, as well as the level of MDA were
examined using commercial assay kits.

Determination of Hepatocyte Apoptosis
Rate
The apoptosis rate of rat hepatocytes in the model groups
were detected by TUNEL method. Paraffin sections were
taken in sequence for deparaffinize and rehydrate, antigen
retrieval, permeabilization, equilibration at room temperature,
TUNEL reaction, BSA blocking, addition of double antibodies,
DAPI counterstain in nucleus and then sealed for microscopic
examination. Stained nuclei were blue under UV excitation and
positive apoptotic cells were green. The number of apoptotic
hepatocytes in the total field of view was counted as well as the
total number of hepatocytes. Calculation formula: Hepatocyte
apoptosis rate = (Number of apoptotic hepatocytes/Total number
of hepatocytes) × 100%.

Illumina RNA Sequencing
Total RNA in the rats’ liver was extracted using the MagMAXTM

mir VanaTM Total RNA Isolation Kit following the specification
(Thermo ScientificTM KingFisherTM FlexTM, Finland). Total
RNA of each sample was quantified and qualified by Agilent
2100/2200 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
United States), NanoDrop (Thermo Fisher Scientific Inc.). 1 µg
total RNA was used for following library preparation. Illumina
RNA sequencing experiments used three parallel samples. The
sequencing library construction and Illumina sequencing were
conducted at GENEWIZ.

Real-Time Quantitative PCR Analysis
To verify the reliability of the expression profiles observed
in the RNA-Seq data, four genes were selected for real-time
quantitative PCR (Q-PCR) analysis with the same experimental
samples as in the RNA-Seq experiments. Total RNA was extracted
using a King Fisher Flex automated nucleic acid extractor
and accompanying kit, and reverse transcribed after RNA
electrophoresis to determine RNA quality. β-Actin was used as an
internal reference and primers designed by Primer 5 are shown
in Table 2, and relative expression was calculated according to
the 2−11ct relative quantification formula.

Statistical Analysis
Results were analyzed using GraphPad Prism 8.0 (GraphPad
Software, La Jolla, California), SPSS 25 (IBM, NY, United States)
and Origin 8.0 software (Origin Inc., Northampton, MA,
United States). Analysis of variance (ANOVA) was performed
followed by Tukey’s test with a confidence interval of 95%
(p ≤ 0.05).

RESULTS

Body Weight and Liver Index Changes in
Rats
During the experiment, the BW of the rats was weighed before
ASAE and on the 1st, 2nd, 4th and 7th after ASAE (Figure 1A).
The BW of rats in the CK group showed an upward trend in
the whole experimental cycle, while that in the model groups
decreased and then increased.

The organ index is one of the main indicators of the biological
properties of animals (Zou et al., 2010). Figure 1B shows that
there was no significant difference in liver index between rats
treated on the 2nd day after ASAE and the CK group. Compared
on the 7th day after ASAE with the CK group, the liver coefficient
of the model groups was significantly higher (p < 0.05), and
the HA group was significantly different from the CK group
(p < 0.001).

FIGURE 4 | Effect of AFB1 on hepatic tissue lipid peroxidation level and antioxidant enzyme activities in rats. (A) Hepatic malondialdehyde (MDA) content, (B)
hepatic glutathione peroxidase (GSH-Px) and (C) hepatic superoxide dismutase (SOD) activity.
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FIGURE 5 | The Volcano plot and Venn diagram of DGEs. (A–D) Red spots indicate significantly up-regulated genes; blue spots indicate significantly down-regulated
genes; gray spots are genes of no differential expression. The horizontal line at false discovery rate (FDR) = 0.05; vertical line at | log2FC| = 1. (E) There were special
DEGs in the different analyses of each group (Venn diagram, FDR ≤ 0.01 and | log2FC| ≥ 2).
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Histopathological Changes of Liver
Tissue in Rats
Representative hepatic histopathological examination results
of each group were shown in Figures 1C–G. The rats
in the CK group had a normal liver lobular architecture
and cell structure. The nucleolus was clear, homogenous
cytoplasm (Figure 1C). Livers illustrated different degrees of
pathological changes in the model groups. In LA-2d group,
the liver exhibited moderate spotty necrosis and degeneration
(Figure 1D). In LA-7d group, moderate spotty necrosis,
vacuolar degeneration, and mild inflammatory cell infiltration
were observed in the portal area (Figure 1E). Hepatocyte
lytic necrosis, called hepatocyte bridging necrosis, was widely
found in the liver pathological sections of rats in HA-2d
group. This phenomenon was common in liver poisoning
or severe chronic hepatitis (Figure 1F). In HA-7d group, in
addition to severe bridging necrosis of hepatocytes, there were
also vacuolar degeneration of hepatocytes and fibrous tissue
hyperplasia (Figure 1G).

Effect of AFB1 on Liver Function
Transaminase ALT and AST are common indicators to determine
whether the liver is damaged. ALT mainly exists in the plasma
of hepatocytes, and the elevation of ALT in serum reflects
the injury of hepatocytes. AST mainly exists in mitochondria
of hepatocytes, and elevated AST indicates more serious liver
injury. ALP and TBIL are the detection indexes reflecting hepatic
bile metabolism. After ASAE, ALT, AST, ALP and TBIL in the
model groups increased first and then decreased (Figure 2).
It reached the peak on the 2nd day after ASAE, which was
significantly different from that in the CK group (p < 0.001).
Except ALP, other indexes returned to normal level on the
7th day after ASAE.

Analysis of Apoptosis in Rat Hepatocytes
Apoptosis refers to the process by which cells are affected
by abnormal factors and controlled by genes to end their
life autonomously. As shown in Figures 3A-E, the nuclear
membranes of normal hepatocytes were intact and stained blue;
the nuclear membranes of apoptotic hepatocytes were clustered
or fragmented and stained green. As can be seen from Figure 3F,
compared with the CK group, the apoptosis rate in the model
groups was significantly increased in a dose-dependent manner.
However, the apoptosis rate of hepatocytes on the 7th after ASAE
was slightly lower than that on the 2nd after ASAE, and there was
still significant difference (p < 0.05).

Hepatic Antioxidative Status and Lipid
Peroxidation
The content of MDA can reflect the degree of lipid peroxidation
and indirectly reflect the degree of cell damage. In this study, the
MDA content in model groups were significantly higher than that
in CK group (p < 0.05) (Figure 4A), indicating that AFB1 caused
hepatocyte injury. It was also found that MDA content in the
liver of the rats after ASAE not only showed a dose-dependent
manner, but also first increasing and then decreasing trend with

prolonged observation. However, it was still significantly higher
than the CK group and did not return to the normal levels on the
7th day (p < 0.05).

Studies have shown that AFB1 can lead to the imbalance
of the body’s oxidative system homeostasis and cause oxidative
stress response. The antioxidant enzymes SOD and GSH-Px
are the body’s first line of defense against free radicals. In this
study, compared with the CK group, the activities of SOD and
GSH-Px in the model groups decreased significantly (p < 0.05)
(Figures 4B,C). And with the prolonged observation time after
ASAE, the activities of SOD and GSH-Px became lower and lower
(p < 0.001).

Differential Expression Genes and
Functional Analysis
In this study, the DEGs between the model groups and the CK
group were obtained by RNA-Seq technology, and a volcano map
was drawn (Figures 5A–D). The volcano plot showed that LA-
2d, LA-7d, HA-2d and HA-7d groups had 1246, 356, 2354, and
855 DEGs, respectively (FDR ≤ 0.05 and | log2FC| ≥ 1). From
this result, it can be found that the number of DEGs was related
to the dose of ASAE and the observation time after ASAE: the
higher the dose, the more DEGs; the number of DEGs decreased
with the prolonged time of continuous impact. Table 3 shows the
classification and number of entries of KEGG pathways enriched
in each group of DEGs. Looking at the total number of KEGG
pathways in each model group, there were fewer on the 7th day
after ASAE than on the 2nd day. The number of entries for each
classification in each group shows that the main difference was
in the metabolic category. This is related to the fact that the
liver is the largest metabolic organ of the body as well as being
extremely self-repairing.

In order to explore the genes that were continuously
affected and their functions, the screening criteria were
strengthened, and the Venn diagram as shown was drawn
(FDR ≤ 0.01 and | log2FC| ≥ 2) (Figure 5E). Compared
with CK group under the above filter conditions, the LA-
2d, LA-7d, HA-2d and HA-7d groups had 236, 33, 679, and
78 differential genes, respectively. There were 211 common
genes in LA-2d and HA-2d, 23 common genes in LA-7d
and HA-7d, 20 common genes in LA-2d and LA-7d, and 56
common genes in HA-2d and HA-7d. In order to analyze
the accuracy of the results, the first 20 independent DEGs
were selected from each group, and all the ones less than

TABLE 3 | Number of pathways for each KEGG classification in the model group.

Level LA-2d LA-7d HA-2d HA-7d

Cellular Processes 22 20 22 21

Environmental Information Processing 33 32 34 33

Genetic Information Processing 13 13 16 14

Human Diseases 84 75 84 82

Metabolism 83 48 91 67

Organismal Systems 84 74 85 84

Total 320 262 333 301
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TABLE 4 | Effects of AESE dose on DEGs enriched pathways and expression levels.

Gene ID (ENSRNOG-) Gene Symbol Log2FC Pathway

LA-2d HA-2d

Cellular Processes

00000003897 Col1a1 2.041 2.096 ko04510

00000020918 Ccnd1 3.553 3.511 ko04510

00000043451 Spp1 3.669 5.572 ko04510

00000053691 Lama5 4.817 5.954 ko04510

Environmental Information Processing

00000051171 G6pc −2.272 −3.933 ko04068, ko04152

00000020918 Ccnd1 3.553 3.511 ko04068, ko04152

00000021814 Tnfrsf25 2.572 3.138 ko04060

00000000521 Cdkn1a 2.646 3.340 ko04068

00000003546 Tnfrsf12a 2.193 2.872 ko04060

00000007002 Lif 2.572 4.111 ko04060

00000013018 Eda2r 2.202 3.829 ko04060

00000013090 Gadd45g −3.231 ko04068

00000013552 Scd −5.715 −5.805 ko04152

Metabolism

00000020420 Pklr −2.539 −3.275 ko01100

00000020775 Cyp2b2 −2.553 −3.338 ko01100, ko00830, ko00590, ko00140

00000001379 Cyp3a62 2.022 2.739 ko01100, ko00830, ko00140, ko00591

00000001388 Sds −2.858 −5.113 ko00260, ko01100

00000001466 LOC100361492 4.823 5.824 ko01100, ko00830, ko00590, ko00140, ko00591

00000002597 Hsd17b6 −2.134 −2.066 ko01100, ko00830, ko00140

00000003244 Ltc4s −2.421 −2.386 ko01100, ko00590

00000005358 Pmm1 2.194 2.932 ko01100

00000009080 Atp6v1d 2.604 3.158 ko01100

00000009734 Akr1b8 2.027 3.264 ko01100, ko00561

00000009754 Nampt −2.115 −2.145 ko01100

00000009875 Akr1b7 2.249 3.880 ko01100, ko00561

00000010633 Acsl1 −2.374 −3.016 ko01100, ko01212, ko00071

00000011200 Bhmt −2.378 −2.263 ko00260, ko01100

00000011250 Inmt −4.178 −2.046 ko00380

00000011381 Acsbg1 −2.141 −3.408 ko01100, ko01212, ko00071

00000011420 Mtmr7 −2.012 −2.820 ko01100

00000013241 Cyp2c24 3.631 4.291 ko01100, ko00830, ko00590, ko00140, ko00591

00000013552 Scd −5.715 −5.805 ko01212, ko01040

00000015076 Cyp26b1 −2.858 −2.474 ko01100, ko00830

00000016791 Chka −2.533 −2.863 ko01100

00000016826 Pla2g2d 2.266 3.716 ko01100, ko00590, ko00591

00000016924 Acly −2.206 −3.237 ko01100

00000017311 Me3 −2.881 −3.343 ko01100

00000017619 Aldh1a1 2.654 2.398 ko01100, ko00830

00000017878 Aldh1a7 3.526 4.368 ko01100, ko00830

00000022268 Pnpla3 −2.701 −2.661 ko01100, ko00561

00000025691 Pla2g7 2.749 3.884 ko01100

00000026764 Pla2g4c −3.987 ko01100, ko00590, ko00591

00000045743 Etnppl −2.880 −2.627 ko01100

00000052810 Cyp2c11 −3.469 −4.585 ko01100, ko00830, ko00590, ko00140, ko00591

00000053448 AC123346.1 −2.741 −2.936 ko00410, ko00260, ko01100

00000053691 Lama5 4.817 5.954 ko01100

00000055221 Acot1 3.033 ko01100, ko01040

00000055672 Gpx2 2.490 3.264 ko00590

00000057470 Pla2g12a 2.566 2.566 ko01100, ko00590, ko00591

(Continued)
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TABLE 4 | (Continued)

Gene ID (ENSRNOG-) Gene Symbol Log2FC Pathway

LA-2d HA-2d

00000051171 G6pc −2.272 −3.933 ko01100, ko00500

Organismal Systems

00000005250 Abcg5 −3.045 ko04979, ko04975

00000005420 Abcg8 −2.088 −2.148 ko04979, ko04976, ko04975

00000009686 Aqp7 3.037 3.037 ko03320, ko04923

00000010633 Acsl1 −2.374 −3.016 ko03320

00000010805 Fabp4 3.685 5.909 ko03320, ko04923

00000011381 Acsbg1 −2.141 −3.408 ko03320

00000013552 Scd −5.715 −5.805 ko03320

00000016826 Pla2g2d 2.266 3.716 ko04975

00000024947 Fabp2 2.752 3.916 ko03320, ko04975

00000051171 G6pc −2.272 −3.933 ko04973

00000057470 Pla2g12a 2.566 2.566 ko04975

LA-7d HA-7d

Cellular Processes

00000016148 Gtse1 2.691 3.323 ko04115

Environmental Information Processing

00000001843 Bcl6 2.524 2.167 ko04068

00000013552 Scd −2.671 ko04152

Organismal Systems

00000010805 Fabp4 2.321 3.915 ko03320

00000013552 Scd −2.671 ko03320

20 were selected for KEGG enrichment analysis. According to
KEGG enrichment analysis, these genes are mainly enriched
in four types of biological metabolic pathways: Cellular
Processes, Environmental Information Processing, Metabolism
and Organismal Systems (Tables 4, 5).

By analyzing the DEGs in Tables 4, 5, it was found that
DEGs of LA-2d and HA-2d were mainly enriched in pathways
related to carbohydrate, lipid and amino acid metabolism,
while DEGs of LA-7d and HA-7d were mainly enriched in
four pathways, which were related to cell cycle regulation,
inflammatory response and oxidation reaction. Lama5, Gtse1 and
Fabp4 gene in DEGs were all highly expressed in the model
groups. Bcl6 gene was highly expressed on the 7th day after
ASAE, and the expression level was higher than that on the
2nd day after ASAE. Lama5 gene enrichment in focal adhesion
(ko04510) and metabolic pathways (ko01100). Focal adhesion
pathway plays an important role in cell motility, cell proliferation,
and cell differentiation (Ye et al., 2020). The dysregulation of
focal adhesion is considered to be an essential step in tumor
invasion, it can promote tumor invasiveness and metastasis
(Shen et al., 2018). Metabolic pathway plays an important
role in the metabolism of sugar, fat and protein in the liver.
Metabolic dysfunction not only affects the normal growth of the
body, but also causes various diseases. Gtse1 gene enrichment
in p53 signaling pathway (ko04115). The protein encoded by
the p53 gene is a transcription factor that controls the cell
cycle. The occurrence of oxidative stress and DNA damage

in the body can cause p53 mutation, resulting in cell cycle
dysregulation (Lacroix et al., 2020; Bailey et al., 2021). Fabp4 gene
enrichment in regulation of lipolysis in adipocytes (ko04923)
and PPAR signaling pathways (ko03320). Regulation of lipolysis
in adipocytes pathway plays an important role in the dynamic
equilibrium of lipid droplet formation and decomposition (Yang
and Mottillo, 2020). Dysregulation of this pathway leads to lipid
accumulation in the liver causes hepatocyte damage and portal
inflammation (An et al., 2021). PPAR signaling pathway plays an
essential role in the maintenance of metabolic homeostasis, it can
adjust the balance between anabolism and oxidation of adipose
tissue to prevent peroxidation (Corrales et al., 2018). Bcl6 gene
enrichment in FoxO signaling pathway (ko04068). The pathway
can inhibit cell metabolism, growth, differentiation, oxidative
stress, and aging, it is suggested to play a pivotal functional role as
a tumor suppressor in cancers (Farhan et al., 2017; Lee and Dong,
2017).

Quantitative Validation
Quantitative validation of the predicted differential genes based
on transcriptome sequencing data was carried out for Lama5,
Ccnd1, Cdkn1a and Gpx2, which were randomly selected. RNA
integrity is shown in the plots from electrophoresis experiments
using a fully automated nucleic acid electrophoresis analyzer as
in Figure 6. The validation results are shown in Table 6. The
transcriptome sequenced genes with Q-PCR showed the same
trend in different model groups.
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TABLE 5 | Effects of AESE duration on DEGs enrichment pathway and expression.

Gene ID (ENSRNOG-) Gene symbol Log2FC Pathway

LA-2d LA-7d

Cellular processes

00000016148 Gtse1 3.755 2.691 ko04115

00000020918 Ccnd1 3.553 ko04115

Environmental information processing

00000013552 Scd −5.715 ko04152

00000020918 Ccnd1 3.553 ko04068, ko04152

00000051171 G6pc −2.272 ko04068, ko04152

Organismal systems

00000007152 Bhlhe40 −2.860 −2.116 ko04710

00000007545 Angptl4 −2.032 ko03320

00000010633 Acsl1 −2.374 ko03320

00000010805 Fabp4 3.685 2.321 ko03320, ko04923

00000013552 Scd −5.715 ko03320, ko04212

00000038047 Mt1 −2.472 3.249 ko04212

00000043098 Mt2A −2.189 2.657 ko04212

HA-2d HA-7d

Environmental information processing

00000000521 Cdkn1a 3.340 2.015 ko04068

00000013552 Scd −5.805 −2.671 ko04068

00000051171 G6pc −3.933 ko04068

Metabolism

00000017878 Aldh1a7 4.368 2.877 ko00830

00000019058 Gstm3l 4.218 2.875 ko00983

00000026764 Pla2g4c −3.987 ko00590, ko00591

00000055672 Gpx2 3.264 2.715 ko00590

00000001466 LOC100361492 5.824 3.129 ko00140, ko00590, ko00591, ko00830

00000005341 Upp2 2.226 ko00983

00000013241 Cyp2c24 4.291 2.711 ko00140, ko00590, ko00591, ko00830

Organismal systems

00000005794 Slc10a1 −4.743 ko04976

00000010805 Fabp4 5.909 3.915 ko03320

00000013552 Scd −5.805 −2.671 ko03320

00000024947 Fabp2 3.916 ko03320

DISCUSSION

In this study, a rat model of acute injury was established by
a single intraperitoneal injection of 1 and 2 mg/kg AFB1, and
then the rats were fed normally for 2 and 7 days, respectively.
The aim was to study the persistent effects of ASAE on rat liver.
We found that other indexes except antioxidant enzyme and
liver coefficient showed a trend of recovery with the continuous
influence time of the AFB1 on liver. Among them, ALT, AST
and TBIL returned to normal, ALP, hepatocyte apoptosis rate
and MDA content still had significant differences compared with
CK group (p < 0.05). Antioxidant enzyme activity continued
to decrease with the prolonged exposure time of AFB1. The
liver coefficient is rising. Meanwhile, the model was used to
explore the persistent effects of acute AFB1 exposure on liver
genes, and we found that the number of DEGs decreased
significantly over time.

The data in this article shows that although there is no
significant difference in the weight of rats after ASAE compared
with that before ASAE, it still presents a downward trend. It
illustrates that AFB1 leads to the reduction of food intake in
rats, and the decline of the body’s metabolic capacity, so that the
nutrients cannot be fully absorbed (Jindal et al., 1994). This is
consistent with the results of previous research (Rastogi et al.,
2001; Knipstein et al., 2015). Compared with the CK group,
SOD and GSH-Px activities decreased, MDA content increased,
and cell apoptosis rate increased on the 2nd day after ASAE,
indicating that AFB1 can cause oxidative stress reaction and liver
cell apoptosis, resulting in severe liver damage. This result is
similar to other published papers on acute liver injury caused
by AFB1 (Wang et al., 1991; Kumagai et al., 1998; Benkerroum,
2020; Ruggeberg et al., 2020). On the 4th day after ASAE, ALT
and AST values decreased, but they were still significantly higher
than the CK group (p < 0.05), which was consistent with previous
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TABLE 6 | Summary of Q-PCR results and RAN-Seq results for randomly selected genes.

Fold change

CK LA-2d LA-7d HA-2d HA-7d

Relative gene
expression level

Q-PCR RNA-Seq Q-PCR RNA-Seq Q-PCR RNA-Seq Q-PCR RNA-Seq

Lama5 1 22.91 28.19 13.78 9.93 38.45 61.99 19.19 18.08

Ccnd1 1 7.08 11.74 1.25 0 4.88 11.4 2.17 3.07

Cdkn1a 1 396.9 6.26 154.39 3.3 446.12 10.13 189.54 4.04

Gpx2 1 0.51 5.62 0.39 2.55 0.35 9.61 0.18 6.57

studies (Monmeesil et al., 2019). At the same time, we found that
ALT, AST, and TBIL returned to normal on day 7th after ASAE,
but other phenotypic indexes still showed significant differences
compared with the CK group. However, compared with the
2nd day after ASAE, the phenotypic indexes except antioxidant
enzymes and liver coefficient showed significant differences, but
showed a recovery trend. These results showed that AFB1 still
caused rats liver damage to a certain extent after feeding for
7 days after ASAE. The recovery of liver function indexes ALT,
AST and TBIL may be related to the strong self-repair ability
of liver (Ko et al., 2020), and the change trend of apoptosis
rate and MDA content also indicates that the compensatory
function of liver plays a role (Hall et al., 2021). The ALP value
is related to whether the intrahepatic and extrahepatic bile ducts
are blocked. The ALP value on the 7th day after ASAE was still
significantly higher than that of the CK group, this is related to

FIGURE 6 | Electrophoresis diagram of the Total RNA Automatic Nucleic Acid
Electrophoresis Analyzer.

the fact that cholestasis caused by bile duct blockage does not
self-adjust and recover in a short time (Boyer, 2013; Taylor et al.,
2020). The changes of pathological section and liver coefficient
further indicated that liver morphological damage was difficult to
recover spontaneously in a short time. The antioxidant enzymes
GSH-Px and SOD activities continued to decrease with the
prolongation of AFB1 influence time. On the 2nd day after ASAE,
the change trend of antioxidant enzyme activity was similar to
that reported in the previous paper (Deng et al., 2020). The
changes of antioxidant enzymes on the 7th day after ASAE may
be related to the fact that the liver damage of rats is not alleviated
and the intake of antioxidant nutrients is insufficient due to
decreased appetite (Michiels et al., 1994; Peskin, 1997; Liochev
and Fridovich, 2010). However, the reasons for the changes in
lipid peroxide content and antioxidant enzyme activity in this
model need to be further explored through related experiments.

We obtained the gene data of each experimental group by
RNA-Seq technique and found that the number of DEGs was
affected by the dose and duration of AFB1 exposure, among
which Lama5, Gtse1, Fabp4 and Bcl6 genes were continuously
affected and associated with liver injury. Their mechanism of
action is shown in Figure 7. Lama5 gene plays a role in
promoting angiogenesis during tumor development and is a
key promoter of liver metastatic growth (Yousif et al., 2013;
Gordon-Weeks et al., 2019). Tumor-infiltrating myeloid cells
can drive tumor cells to express Lama5 through NF-κB gene
transduction, thereby promoting angiogenesis (Bonnans et al.,
2014). The Lama5 protein chain is an important element of the
extracellular matrix (ECM). Thus, the Lama5 gene links two
markers of cancer progression (Inflammation and Angiogenesis)
to extracellular matrix (ECM) protein deposition. Related studies
had shown that down-regulation of Lama5 can reduce the
formation of vascular branches, and even tend to normalize
(Carmeliet and Jain, 2011; Di Russo et al., 2017). Fabp4 has also
been shown to be involved in inflammatory responses. Cytokine
levels, including TNF-α and IL-1β, were significantly increased in
macrophages with high Fabp4 expression (Makowski et al., 2001).
And Fabp4 plays an important role in transporting fatty acids
between fat cells and cancer cells (Besnard et al., 2002). These
effects ultimately may lead to fibrosis of tissues (Nieman et al.,
2011). The proto-oncogene Bcl6 is an important transcriptional
regulator of the immune system, and its upregulation is a
marker of B cell accumulation through the germinal center (GC)
transport process. In tumors, its dysregulated expression may
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FIGURE 7 | Mechanism of liver injury induced by Lama5, Gtse1, Fabp4, and Bcl6 genes. RAF: Regulation of lipolysis in adipocytes; ECM: Extracellular matrix; “ ”:
vascular endothelial growth factor (VEGF); “ ”: promote/up-regulate; “ ”: inhibition.

promote lymphoma by increasing B cell resistance to apoptosis
and inhibiting B cell differentiation in the GC (Murakami et al.,
1999; Niu, 2002). Low-grade B-cell lymphomas can occur in
the liver and manifest as a characteristic massive infiltration of
lymphocytes within the confluent zone. Lama5, Fabp4 and Bcl6
gene related to inflammation and immune response were all up-
regulated, and the expression of Bcl6 gene was higher at 7 days
than at 2 days after ASAE. Their changing trend explained that
the pathological phenomena of liver was not relieved the 7th day
after ASAE to some extent. And there were still different degrees
of liver cell necrosis, inflammatory cell infiltration and fibrous
tissue hyperplasia. Gtse1 has been found to be overexpressed in
a variety of cancers (Tian et al., 2011). Previous studies have
shown that it inhibits apoptosis induced by the tumor suppressor
protein p53 (Liu et al., 2010). Cell level experiments showed that
Gtse1 was down-regulated, the protein content of p53 in cells
increased, and the dephosphorylation of protein kinase B and
cyclin B1 decreased, thus inhibiting the proliferation of HCC cells
and promoting apoptosis (Guo et al., 2016). Our data showed
that, the expression level of Gtse1 on the 7th day after ASAE
was lower than that on the 2nd day after ASAE, which may
explain why the apoptosis rate of liver cells decreased on the
7th day after ASAE. However, the specific regulatory mechanism
needs further study.

CONCLUSION

In summary, ASAE can cause persistent liver damage. The
experiment period of this study was 7 days, and the damage of
liver during the extended experiment period could be further
studied. The persistently affected Lama5, Gtse1, Fabp4 and Bcl6
gene can be potential target genes for the treatment of AFB1

induced liver diseases, but their effectiveness needs to be further
explored in experiments.
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Proteus mirabilis is a common opportunistic zoonotic pathogen, and its ongoing acquisition 
of antimicrobial resistance genes poses challenges to clinical treatments. Human-sourced 
whole genomic sequencing of human P. mirabilis isolates has been reported, but 
pig-sourced isolates have not been thoroughly investigated even though these animals 
can serve as reservoirs for human infections. In the current study, we report a molecular 
epidemiological investigation to unravel the antimicrobial and virulence gene risk factors 
for P. mirabilis contamination in 9 pig farms in 3 different cities in Zhejiang Province, China. 
We collected 541 swab samples from healthy pigs and 30 were confirmed as P. mirabilis. 
All 30 isolates were resistant to tetracyclines, macrolides, sulfonamides, β-lactams and 
chloramphenicol, and all were multiple drug-resistant and 27 were strong biofilm formers. 
Phylogenetic analyses indicated these 30 isolates clustered together in 2 major groups. 
Whole genome sequencing demonstrated that the isolates possessed 91 different 
antimicrobial resistance genes belonging to 30 antimicrobial classes including rmtB, sul1, 
qnrS1, AAC(6′) − Ib − cr, blaCTX − M − 65 and blaOXA − 1. All isolates contained mobile 
genetic elements including integrative conjugative elements (ICEs) and integrative and 
mobilizable elements (IMEs). Minimum inhibitory concentration (MIC) testing indicated 
direct correlates between cognate genes and antimicrobial resistance. We also identified 
95 virulence factors, almost all isolates contained 20 fimbrial and flagellar operons, and 
this represents the greatest number of these operon types found in a single species among 
all sequenced bacterial genomes. These genes regulate biofilm formation and represent 
a confounding variable for treating P. mirabilis infections. Our P. mirabilis isolates were 
present in healthy animals, and multiple drug resistance in these isolates may serve as a 
reservoir for other intestinal and environmental Enterobacteriaceae members. This prompts 
us to more strictly regulate veterinary antibiotic use.

Keywords: antimicrobial resistance, biofilm information, whole genome sequencing, virulence factor, 
Proteus mirabilis
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INTRODUCTION

Proteus mirabilis is an Enterobacteriaceae member and a 
significant opportunistic and food-borne pathogen and second 
only to enteropathogenic Escherichia coli (EPEC) in prevalence 
for urinary tract infection. P. mirabilis can exist in a variety 
of environments including the intestinal tracts of humans and 
wild and domestic animals and can cause infections in immuno-
compromised hosts resulting in diarrhea, urinary tract infection 
(UTI) and keratitis (Mobley and Belas, 1995; Drzewiecka, 2016; 
Gong et  al., 2019). Importantly, antimicrobial resistance of 
P. mirabilis has become a serious impediment to clinical treatment 
and resistance to colistin, nitrofurans, tigecycline, tetracycline, 
and β-lactams have been documented (Stock, 2003).

China is the largest global antibiotic producer and consumer 
and more than half are used to treat food animals (Gilbert, 
2012). Livestock farms are environments with high bacterial 
loads and high antimicrobial selective pressures; a combination 
favoring development of resistant bacteria (Klein et al., 2018; 
Qian et  al., 2018). There is abundant direct and indirect 
evidence that the antibiotic use on farms correlates with the 
rise and spread of associated antibiotic resistance genes (ARG) 
in human pathogens and even the direct transfer of antibiotic-
resistant bacteria from animals to humans (Marshall and 
Levy, 2011). Pigs are major meat source worldwide, especially 
in China and ARGs are increasingly detected in bacterial 
isolates from pig feces implicating pig husbandry in ARG 
development and spread (Larson, 2015; Shi et  al., 2021). In 
particular, mobile genetic elements (MGE) including insertion 
sequences (IS), resistance plasmids, gene castle, transposons, 
integrative conjugative elements (ICE), and integrative and 
mobilizable elements (IME) allow ARG movement within 
or between DNA molecules. These MGE are now frequently 
detected in P. mirabilis isolates (Shelenkov et  al., 2020;  
Wang et  al., 2021).

P. mirabilis is also a biofilm former allowing its engraftment 
on living or abiotic surfaces and complicates disease treatment 
and enhances viability through antimicrobial and disinfectant 
resistance. Treatment of UTIs due to indwelling catheters can 
be complicated through biofilm formation that prolong bacterial 
presence and can lead to bladder and kidney infections that 
may progress to bacteremia or sepsis (Høiby et  al., 2011). 
P. mirabilis contains numerous virulence factors related to 
adhesion, colonization, biofilm formation and pathogenicity. 
These include the MR/P and PMF fimbriae and the uroepithelial 
cell adhesin (UCA) and all can combine to enable urinary 
cell attachment and biofilm formation.

The emergence of multidrug-resistant (MDR) bacterial 
pathogens is now considered a public health risk and sources 
of these pathogens have been found in humans, livestock, wild 
animals and food. Importantly, molecular typing studies have 
identified animal strains that were transmitted to humans (Reich 
et  al., 2013; Olonitola et  al., 2015; Lei et  al., 2016). Previously 
reported 7.07% P. mirabilis from broiler chicken samples (Li 
et  al., 2022) and pig operations in China are currently 
experiencing large outbreaks of diarrheal disease in piglets (Li, 
2021). As a pathogen that can cause diarrhea, P. mirabilis has 

not attracted enough attention. Therefore, the objectives were 
to investigated the prevalence, antimicrobial resistance and 
virulence genes for P. mirabilis to characterize risk factors of 
P. mirabilis contamination in Zhejiang Province, China. Whole 
genome sequencing and bioinformatics analyses are cost-effective 
methods for the investigation and characterization of zoonotic 
pathogens (Biswas et  al., 2020; Liu et  al., 2020, 2021). 
We  conducted a study on 9 farms in 3 different cities in 
Zhejiang Province, China, which were rarely reported, to obtain 
P. mirabilis isolates from pig swab sources. The recovered strains 
were subjected to whole genome sequencing followed by in 
silico analysis to identify antimicrobial resistance and virulence 
genes. We  also determined antibiotic MICs to correlate with 
ARG presence.

MATERIALS AND METHODS

Sample Collection and Characterization of 
Proteus mirabilis
A total of 541 pig swab specimens were obtained from 9 
farms located in 3 different cities in Zhejiang Province, 
China from May to December 2021. The strains isolated 
from Jinhua, Hangzhou, and Quzhou were designated PM 
1 (n = 101), PM 2 (n = 240), and PM 3 (n = 200), respectively 
(Table  1). In brief, swabs were placed in sterile centrifuge 
tubes containing 3 ml Selenite Cystine Broth (SC; Hopebiol, 
Qingdao, China) and incubated at 37°C for 12 h. Loopfuls 
were then streaked on Salmonella-Shigella agar plates (SS; 
Becton Dickinson, Franklin Lakes, NJ, United  States) and 
incubated as per above (Li et al., 2022). Suspected P. mirabilis 
colonies were streak-purified a second time. Presumptive 
P. mirabilis colonies displayed black centers with transparent 
edges on SS agar.

Identification and Phylogenetic Analyses 
of Proteus mirabilis
Suspected P. mirabilis were selected for genomic DNA extraction 
using a TIANamp bacteria DNA kit (Tiangen Biotech, Beijing, 
China) according to the instructions of the manufacturer and 

TABLE 1 | Sampling design and prevalence of Proteus mirabilis from different 
sources.

Sources
No. of 

samples
Group

No. of 
positive

Percentage 
of isolates

City Farm

Jinhua 1 31 PM1 2 (6.45%) 8.91%
2 33 4 (12.12%)
3 38 3 (7.89%)

Hangzhou 4 78 PM2 6 (7.69%) 4.58%
5 80 3 (3.75%)
6 82 2 (2.44%)

Quzhou 7 63 PM3 5 (7.94%) 5.00%
8 74 3 (4.05%)
9 63 2 (3.17%)

Total 541 30 5.55%
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DNA was stored at −20°C. P. mirabilis identities were confirmed 
using PCR detection of the atpD gene (5′-AGAGTTTGATC 
CTGGCTCAG-3′5′-ACGGGCGGTGTGTRC-3′) as previously 
described (Bi et  al., 2013). In addition, the 16S rDNA genes 
(5′-AGAGTTTGATCCTGGCTCAG-3′5′-ACGGGCGGTGTG 
TRC-3) from these isolates were sequenced. Pure cultures of 
identified strains were cryopreserved at −80°C in 30% glycerol.

Biofilm Formation Ability
Biofilm formation was assayed using the crystal violet (CV) 
staining method as previously described (Stepanović et  al., 
2007; Han et  al., 2015; Lajhar et  al., 2018). Briefly, bacterial 
suspension turbidities were adjusted to 0.5 McFarland standard 
(~108 CFU/ml) and 20 μl was then added to prepared microtiter 
plates containing 180 μl Luria Bertani (LB) broth per well; 
negative control wells contained only LB. The plates were 
then covered and incubated for 24 h at 37°C under static 
conditions. The liquid was then discarded and the wells 
were washed 3× with phosphate-buffered saline (PBS) and 
200 μl 0.1% CV (Sigma, Aldrich, United  States) was then 
added per well and the plates were allowed to stand for 
30 min at room temperature. The CV was decanted and the 
bacteria were then heat-fixed by exposure to a stream of 
hot air at 60°C for 60 min. The dye bound to the cells was 
then resolubilized using three rinses with 200 μl of 95% 
ethanol per well. The optical density (OD) of combined 
washes was measured at 595 nm using a microtiter plate 
reader. The average OD595 values were calculated for triplicates 
and the tests were repeated three times.

Genomic Sequencing and Bioinformatic 
Analysis
Illumina pair-end sequencing of each strain utilized 1 μg genomic 
DNA for library construction. The qualified library was used 
for Illumina NovaSeq 6,000 sequencing (150 bp * 2) at Shanghai 
Biozeron. The raw paired end reads were trimmed and quality 
controlled by Trimmomatic version 0.36. ABySS1 was used for 
genome assembly with multiple-Kmer parameters for 
optimization. GapCloser2 was subsequently applied to fill 
remaining local inner gaps and correct single base polymorphisms 
for the final assembly results. Ab initio prediction methods 
were used to obtain gene models for P. mirabilis strains and 
were identified using GeneMark and then used for BLASTp 
searches against the non-redundant (NR) NCBI database. 
Potential virulence factors were assessed by searches against 
the Virulence Factors of Pathogenic Bacteria Database (VFDB) 
and BLAST results were considered significant at E < 1e−5 and 
is a generally accepted consensus cut-off (Chen et  al., 2005). 
ARGs of the 30 P. mirabilis strains we  sequenced were also 
examined using the Comprehensive Antibiotic Resistance 
Database (CARD), and ICEs were identified using ICEfinder 
(Liu et  al., 2019). The public data of reference genome of 

1 http://www.bcgsc.ca/platform/bioinfo/software/abyss
2 https://sourceforge.net/projects/soapdenovo2/files/GapCloser/

P. mirabilis (HI4320) was obtained from NCBI3; gene annotation 
information including functional annotations and gene family 
information were also downloaded. The datasets generated for 
this study can be  found in the NCBI Bioproject with the 
accession number no. PRJNA841796.

Phenotypic Antimicrobial Resistance 
Testing
Broth dilution method was used for MIC test for a panel of 
15 antimicrobial agents belonging to 9 classes as described 
previously (Kobylka, Kuth, Müller, Geertsma, & Pos, 2020). 
MIC results were interpreted according to the recommendations 
of the Clinical Laboratory Standard Institute guidelines (CLSI, 
2017; Table  2). The antimicrobial agents were grouped in the 
following classes: tetracyclines (tetracycline, TET, 8–256 μg/ml; 
minocycline, MIN, 4–256 μg/ml), fluoroquinolones (ofloxacin, 
OFX, 2–64 μg/ml; nalidixic acid, NAL, 2–64 μg/ml; ciprofloxacin, 
CIP, 2–64 μg/ml), macrolides (azithromycin, AZ, 16–512 μg/ml; 
erythromycin, EM, 16–512 μg/ml), β-lactamase inhibitors 
(amoxicillin/clavulanic acid, AMC, 4/2–128/64 μg/ml), penicillins 
(ampicillin, AMP, 16–512 μg/ml), carbapenems (meropenem, 
MEM, 1–64 μg/ml), cephalosporins (ceftiofur, CEF, 16–512 μg/
ml), aminoglycosides (amikacin, AMK, 2–64 μg/ml; gentamicin, 
GEN, 2–128 μg/ml), phenicols (chloramphenicol, CHL, 4–128 μg/
ml; rifampicin, RIF, 1–64 μg/ml).

Proteus mirabilis CMCC 49005 was used for quality control.

Data Analysis
GraphPad Prism 8 software (San Diego, CA, United  States) 
was used for figure generation. ANOVA was performed using 
least squares techniques with IBM SPSS Statistics 20 software 
(SPSS, Chicago, IL, United  States). A significant difference was 
established at p < 0.05. MIC results of intermediate susceptibility 
were merged with resistance and each test result (resistant or 
susceptible) was compared with the detection (presence or 
absence) of the corresponding ARG in silico.

RESULTS AND DISCUSSION

Proteus mirabilis has been frequently incriminated in food-
borne and urinary tract infections in humans. We first explored 
the prevalence and characteristics of P. mirabilis in pig farm 
isolates from Zhejiang province, China.

Proteus mirabilis Prevalence
We isolated 30 P. mirabilis strains from 541 samples (5.55%) 
using atpD PCR detection, 16S rDNA and whole genome 
sequencing (Table  1). The PM1 group (Jinhua) was the most 
contaminated (8.91%), and this level was close to that previously 
reported (7.07%) from broiler chicken samples (Li et  al., 2022) 
but lower than from human sources (Mirzaei et  al., 2019; 
Tabatabaei et al., 2021). Phylogenetic analysis identified 2 major 
clusters including Group  1 that contained reference strain 

3 https://www.ncbi.nlm.nih.gov/assembly/GCF_000069965.1/
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LR738973_1 from fecal samples of weaned piglets in Brazil 
and the smaller Group  2 that included model strain HI4320, 
MK758055.1 from human feces, AM231709.1 from fish bowels 
and OL629222.1 from raccoon feces in China (Figure  1A). 
The isolates were also clustered closely in the phylogenetic 
analysis of core SNPs especially between PM1 and PM3 
(Figure  1B), and PCA analysis indicated PM 1 and PM 3 
were closely linked (Figure  1C), which might because Jinhua 
and Quzhou are closer together.

Biofilm Information Ability
The 30 P. mirabilis isolates we  identified were also biofilm 
formers (Figure  2). For example, isolates PM1-3, PM1-4 and 
PM1-6 displayed a moderate biofilm formation capacity 
(0.2314 ≤ OD595 ≤ 0.4628) while 27 isolates were strong biofilm 
formers (OD595 ≥ 0.4628). All PM2 and PM3 isolates were in 
this biofilm formation capacity category and significantly 
different from isolates from PM1 (p < 0.05). Bacterial biofilms 
are resistant to antibiotics, disinfectants and phagocytosis as 
well as other components of innate and adaptive inflammatory 
systems (Høiby et  al., 2011). Compared with planktonic cells, 
biofilm cells are less sensitive to antimicrobial agents and 
limit antibiotic entry to low levels (Tseng et  al., 2013). In 
this study, 90% (27/30) of our isolates were strong biofilm 
formers and these could be  ranked as PM3 > PM2 > PM1. 
Interestingly, this ranking was consistent with the MIC results 
(see below) and intensity of biofilm formation has been 

previously linked to antibiotic resistance (Mirzaei et al., 2019) 
and MDR strains are often biofilm formers, similar to our 
findings (Sanchez et  al., 2013).

Phenotypic Antimicrobial Resistance
MIC testing of our 30 isolates indicated different degrees 
of resistance to the 15 antimicrobials we analyzed. P. mirabilis 
is naturally resistant to tetracycline, tigecycline, and polymyxin, 
but sensitive to carbapenems and aminoglycosides although 
amikacin and meropenem resistance has been increasing and 
is linked with their abuse (Kang et  al., 2021). Our results 
were consistent with these observations and most isolates 
were sensitive to the aminoglycoside amikacin (21/30) and 
the carbapenem meropenem (12/30). These levels were lower 
than those found in two recent hospital studies in Iran that 
documented 71% and 82% and 82% and 82%, respectively 
(Mirzaei et  al., 2019; Tabatabaei et  al., 2021), and higher 
than the 10.5% sensitive to meropenem in a Chinese hospital 
(Hu et  al., 2012; Han et  al., 2015). All our strains were 
resistant to the tetracyclines (tetracycline, minocycline), 
macrolides (azithromycin, erythromycin) and chloramphenicol 
(chloramphenicol) classes and to a lesser extent to amoxicillin/
clavulanic acid (27/30), ampicillin (7/30), ciprofloxacin (23/30), 
and rifampicin (22/30; Table  2). Rifampicin is a broad-
spectrum antibiotic used primarily in clinical treatment of 
tuberculosis (Chen et  al., 2017). Chloramphenicol was 
forbidden for veterinary use in China in 2002 

TABLE 2 | Antimicrobial susceptibility tests for P. mirabilis strains used in this study (n = 30).

Antimicrobial drug
Abbreviation

Breakpoint (μg/ml) Results (%)

Species Name S I R S I R

Tetracyclines
Tetracycline TET ≤4 8 ≥16 0% (0/30) 0% (0/30) 100.00% (30/30)
Minocycline MIN ≤4 8 ≥16 0% (0/30) 0% (0/30) 100.00% (30/30)

Fluoroquinolones
Ofloxacin OFX ≤2 4 ≥8 30.00% (9/30) 26.67% (8/30) 43.33% (13/30)
Naphthaleneic acid NAL ≤16 – ≥32 26.67% (8/30) 0% (0/30) 73.33% (22/30)
Ciprofloxacin CIP ≤0.25 0.5 ≥1 23.33% (7/30) 0% (0/30) 76.67% (23/30)

Macrolide
Azithromycin AZ ≤2 4 ≥8 0% (0/30) 0% (0/30) 100.00% (30/30)
Erythromycin EM ≤0.5 1 ≥8 0% (0/30) 0% (0/30) 100.00% (30/30)

β-Lactam combinations
Ampicillin AMP ≤8 – ≥16 10.00% (3/30) 0% (0/30) 90.00% (27/30)
Amoxicillin/clavulanic acid AMC ≤8/4 – ≥16/8 10.00% (3/30) 0% (0/30) 90.00% (27/30)
Ceftiofur CEF ≤2 4 ≥8 16.67% (5/30) 6.67% (2/30) 76.67% (23/30)
Meropenem MEM ≤1 2 ≥4 40.00% (12/30) 60.00% (18/30) 0% (0/30)

Aminoglycosides
Amikacin AMK ≤16 32 ≥64 70.00% (21/30) 10.00% (3/30) 20.00% (6/30)
Gentamicin GEN ≤4 8 ≥16 30.00% (9/30) 13.33% (4/30) 56.67% (17/30)

Phenicols
Chloramphenicol CHL ≤8 16 ≥32 0% (0/30) 0% (0/30) 100.00% (30/30)

Rifamycin
Rifamycin RIF ≤1 2 ≥4 26.67% (8/30) 33.33% (10/30) 40.00% (12/30)
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A

C

B

FIGURE 1 | Phylogenetic tree of 31 P. mirabilis isolates in this study. (A) 16S rDNA tree. (B) SNP tree. (C) PCA analysis.

FIGURE 2 | Biofilm formation. Yellow, PM1; pink, PM2; blue, PM3. The cut-off value (ODc) was defined as 3 SD above the mean OD595 of the negative control: 
ODc = average OD595 of negative control + (3 × SD of negative control). OD595 ≤ ODc = absence of biofilm; ODc ≤ OD595 ≤ 2 × ODc = weak biofilm producer; 
2 × ODc ≤ OD595 ≤ 4 × ODc = moderate biofilm producer; 4 × ODc ≤ OD595 = strong biofilm producer.
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(The Ministry of Agriculture of the People’s Republic of 
China, 2002) so it is intriguing why we  found such high 
levels of resistance to these drugs.

Our PM3 group displayed the highest prevalence for 
antibiotic resistance to amoxicillin/clavulanic acid, ampicillin, 
gentamycin and amikacin (Figure  4A). Moreover, all our 
isolates were resistant to at least 3 antimicrobial classes and 
were considered MDR (Figure  3). These data were similar 
to previous findings of resistance in animals in China (Li 
et al., 2022). These high levels of drug resistance and prevalence 
of MDR P. mirabilis on these farms pose a grave public 
health threat and would render clinical treatment protocols  
problematic.

ARG Predictions
Genomic analysis identified the presence of 91 ARGs in our 
isolates that encoded resistance to 30 antimicrobial classes. The 

most prevalent (total 43 genes) resistance mechanisms were 
antibiotic efflux pumps (42.86%), antibiotic inactivation (27.47%), 
antibiotic target alteration (15.38%), antibiotic target protection 
(6.59%) and antibiotic target replacement (7.69%). Interestingly, 
43 (47.25%) ARGs were present in all isolates. These ARGs 
included members of the ATP-binding cassette (ABC), major 
facilitator superfamily (MFS), pmr phosphoethanolamine 
transferase, resistance-nodulation-cell division (RND), glycopeptide 
resistance gene cluster, Acinetobacter mutant lpx gene conferring 
resistance to colistin and ABC-F ATP-binding cassette ribosomal 
protection protein MDR gene family members bcr-1, tet(J), 
tetA(48), msbA, mdtB, and mexA (Supplementary Table S1).

The remaining 48 ARGs were variably present among the 
isolates. These were associated with different antibiotic classes: 
blaCTX-M-65, blaDHA-17, blaNmcR, blaOXA-1, blaPER-4, and 
blaPER-4 for β-lactams; sul1, sul2, sul3 for sulfonamides; rmtB 
and AAC, ANT, APH groups for aminoglycosides, dfrA groups 
for trimethoprim, lnu for lincosamide, ereA2, mphE, emrB for 
macrolides; qnrD1, qnrS1 for quinolones; fos for fosfomycin; 
fact, arr-3 for rifamycin and cml, floR, cat for phenicols. In 
particular, >50% of these isolates contained hmrM, emrB, ImrC, 
floR, sul1, fact, arr-3, blaOXA-1, catB3 and AAC(6′)-Ib-cr that 
encode resistance to fluoroquinolones, macrolides, phenicols, 
sulfonamides, rifamycin, aminoglycosides, and β-lactams, 
respectively. We  also detected the qacH gene in 5 isolates; this 
gene encodes resistance to disinfecting agents and antiseptics 
(Figure  5C).

The extended-spectrum β-lactamases (ESBL) were reported 
for the first time in 1983 (Knothe et al., 1983) and P. mirabilis 
is highly represented as an ESBL host. These representatives 
include the cephalosporinase (AmpC) and TEM and CTX-M 
type carbapenemases that can degrade penicillin, piperacillin, 
and the cephalosporins (Bontron et  al., 2019). We  found 
the presence of blaCTX-M in our P. mirabilis isolates that 

A B

FIGURE 4 | Heatmap of antimicrobial resistance of P. mirabilis isolates according to (A) phenotype and (B) genotype.

FIGURE 3 | MDR tests of P. mirabilis isolates.
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enables resistance to ceftiofur while piperacillin and 
cephalosporin resistance was linked to the presence of 
blaOXA-1 gene (Algammal et  al., 2021). In addition, both 
blaOXA-1 and blaCTX-M genes synergistically enable 
P. mirabilis to resist β-lactams combination treatments (Schultz 
et  al., 2015). In the current study, our isolates displayed a 
high prevalence of blaOXA-1 (53.33%), blaCTX-M-65 (36.67%), 
blaNmcR (33.33%), blaDHA-17 (20%), and blaPER-4 (13.33%) 
that are β-lactams resistance gene (Figure  5C). Remarkably, 
10 isolates contained both blaOXA-1 and blaCTX-M-65 and 
7 in PM3 that also displayed the highest phenotypic resistance 
to the β-lactams ceftiofur, ampicillin, and amoxicillin/
clavulanic acid (Supplementary Material; Figure  3A). The 
primary aminoglycoside ARG carried by all isolates in our 
study was AAC (6′)-lb-cr (50%) and 5 rmtB 16S rRNA 
methyltransferases (rmt) were detected only in PM3. Resistance 
to amikacin was also prevalent in this group (Figure  4A). 
The rmtB gene is the most frequently detected ARG in 
Enterobacteriaceae from humans and animals and mediates 
a very high-level resistance to aminoglycosides including 
amikacin and is usually associated with MDR bacteria (Fang 
et  al., 2019) and was consistent with our results. We  also 
detected a large number of tetracycline, macrolide, peptide 

and fluoroquinolone resistance genes and PM3 displayed 
resistance to tetracycline, macrolide and phenicols 
(Figures  4A,B). Furthermore, we  evaluated the relationship 
between phenotypic drug resistance and the presence or 
absence of corresponding ARGs. All the isolates were resistant 
to tetracycline, minocycline, azithromycin, erythromycin, 
and chloramphenicol ARG, and 76.67% resistant to 
ciprofloxacin, ceftiofur, and gentamicin, and 60% to 
meropenem and possessed the cognate ARGs. However, 
genotypic and phenotypic resistance are sometimes not 
directly linked although the drug-resistant phenotypes and 
genotypes of most bacteria were consistent (Table  3). Eight 
strains did not contain any β-lactamase resistance and only 
one (PM2-3) was sensitive to all the β-lactams, 6 were 
partially sensitive and PM1-9 displayed resistance similar 
to the other 22 isolates. For rifampicin, fluoroquinolone, 
and aminoglycoside resistance, we  could not identify any 
significant correlation between genotype and phenotype and 
resistance may be  mediated by efflux pump mechanisms 
(Supplementary Table S2).

Our results indicated that the distribution of drug-resistant 
phenotypes was correlated with genotypes for β-lactams and 
aminoglycosides although these differed by degree. These may 

FIGURE 5 | ARGs present in P. mirabilis genomes of study isolates. (A) Phenotype; PM 1–5, PM 2–12 were resistant to all the tested drugs. 
(B) Genotype, excepting ARGs that all strains contained. (C) Fluoroquinolone, macrolide, phenicol, and sulfonamide prevalence. Red, positive; green, 
negative.
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due to the complex drug resistance mechanisms in agreement 
with a study indicating that the phenotypic test and not 
possession of a specific ARG is the gold standard for assessment 
of bacterial drug resistance (Wu et  al., 2021).

MGE Prediction
The presence of MGEs in P. mirabilis are a great public health 
threat due to the capacity for autonomous ARG transfer 
(Partridge et  al., 2018). ICEs are integrated DNA regions in 
the chromosome that are mobilizable by conjugation via type 
IV secretion systems that mediate cell to cell DNA transfer 
(Delavat et  al., 2017). Tyrosine and serine recombinases can 
mediate att site-specific recombination between circular ICE 
and chromosomal targets (Johnson and Grossman, 2015). 
IMEs can be  mobilized using ICE machinery or conjugative 
plasmids when ICEs erode and accumulate within the host 
chromosome leading to inactivation of their independent 
mobility (Partridge et  al., 2018).

In our study, we  identified 15 ICEs and 7 IMEs and 
53.33% of our isolates contained ICEs or IMEs with 13 of 
30 containing ICEs and 6 of 30 containing IMEs (Table  4). 
These results were higher than previously reported (23.53%) 
in P. mirabilis from the tree shrew (Gu et  al., 2020). Most 
MGEs were detected in PM3 (90%) and 2 PM1 strains 
possessed the same ICE type (Table  5). This indicated that 
transconjugation was frequent for this group. Moreover, 
strains with ICEs from the same group carried similar 
resistance genes especially in PM1 and PM3. All of the 
PM1 strains with MGEs (PM1-7, PM1-8, PM1-9) were 
clustered. Strains with MGEs in PM3 gathered into 3 small 
groups and carried the same resistance gene (PM3-8, PM3-9 

TABLE 3 | Phenotypic and genotypic analyses of antimicrobial resistance of P. mirabilis isolates.

Antimicrobial drugs Coherent results Incoherent results

Percentage of 
coherence

Species Name Both susceptible Both resistant

Phenotype 
resistance and 

genotype 
susceptible

Phenotype 
susceptible and 

genotype resistance

Tetracyclines
Tetracycline 0 30 0 0 100.00% (30/30)
Minocycline 0 30 0 0 100.00% (30/30)

Fluoroquinolones
Ofloxacin 0 21 0 9 70.00% (21/30)
Naphthaleneic acid 0 22 0 8 73.33% (22/30)
Ciprofloxacin 0 23 0 7 76.67% (23/30)

Macrolide
Azithromycin 0 30 0 0 100.00% (30/30)
Erythromycin 0 30 0 0 100.00% (30/30)

β-Lactam combination
Ampicillin 3 17 9 0 70.00% (21/30)
Amoxicillin/clavulanic acid 3 17 9 0 70.00% (21/30)
Ceftiofur 3 20 5 2 76.67% (23/30)
Meropenem 4 14 4 8 60.00% (18/30)

Aminoglycosides
Amikacin 10 9 0 11 63.33% (19/30)
Gentamicin 6 17 4 3 76.67% (23/30)

Phenicols
Chloramphenicol 0 30 0 0 100.00% (30/30)

Rifamycin
Rifamycin 0 19 3 8 63.33% (19/30)

TABLE 4 | MGE prediction for the 30 isolates examined in this study.

Group Isolates
MGE numbers Number positive

ICE IME ICE IME

PM1 (n = 9) PM1-7 1 0 33.33% (3/9) 0.00 (0/9)
PM1-8 2 0
PM1-9 1 0

PM2 (n = 11) PM2-3 0 1 18.18% (2/11) 36.36% (4/11)
PM2-5 0 1
PM2-6 1 2
PM2-10 1 1

PM3 (n = 10) PM3-1 2 0 80.00% (8/10) 20.00% (2/10)
PM3-2 1 0
PM3-3 1 0
PM3-4 1 0
PM3-5 1 1
PM3-6 1 0
PM3-8 0 1
PM3-9 1 0
PM3-10 1 0

Total 53.33% 
(16/30)

15 7 43.33% (13/30) 20.00% (6/30)
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and PM3-1, PM3-2, PM3-4; Figure  5 and Table  5). Such 
results indicate the serious drug resistance of PM3 group 
may be  associated with MGEs. The high MDR prevalence 
could be attributed to a combination of these factors. However, 
we  did not perform a validation analysis of these detected 
MGE functions and further analyses are needed to understand 
the effect of these elements on drug resistance.

Virulence Gene Prediction
Most of the endemic strains in our study were MDR and the 
number of virulence genes identified would contribute to the 
establishment of persistent and drug-tolerant infections. In our 

30 isolates, we  identified 95 of 2,741 possible virulence factors 
composed of 10 categories: transporter, fimbriae, flagella, hemin, 
metal, enzyme, protein, regulator, type VI secretion system, 
and adhesin. Enzyme represented 22 virulence factors related 
to factors such as DP-heptose synthase, UDP-glucose 
6-dehydrogenase, and decarboxylase. The flagella and fimbrial 
groups were also abundant and 20 different genes were 
represented. The least abundant were the type VI secretion 
system and adhesin (Figure  6).

All isolates contained 63/95 virulence factors associated 
with biofilm formation, adhesin, carbon storage, hemin, 
metal and motility and 32/95 were variably present among 

TABLE 5 | Details of 15 predicted ICEs and 7 IMEs.

Isolate Location (nt) GC content (%) Length (bp) Direct repeats Type

PM1-7 1809473..1902135 44.85 92,663 Putative ICE with T4SS
PM1-8 2873874..2966537 44.85 92,664 † Putative ICE with T4SS

3727325..4093850 41.37 366,526 attL: 3727325..3727339 (agaggtcattgtgca)

attR: 4093836..4093850 (agaggtcattgtgca)

Putative ICE with T4SS

PM1-9 1810225..1902887 44.85 92,663 ≠ Putative ICE with T4SS
PM2-6 1741700..1935382 41.39 193,683 attL: 1741700..1741714 (ttttgaatgacataa)

attR: 1935368..1935382 (ttttgaatgacataa)

Putative ICE with T4SS

PM2-10 3589109..3824596 40.54 235,488 attL: 3589109..3589124 (taattgccattatatt)

attR: 3824581..3824596 (taattgccattatatt)

Putative ICE with T4SS

PM3-1 3795192..3926392 44.63 131,201 attL: 3795192..3795206 (agatacattttgttt)

attR: 3926378..3926392 (agatacattttgttt)

Putative ICE with T4SS

1308600..1414471 43.22 105,872 attL: 1308600..1308614 (tattgccgctttaat)

attR: 1414457..1414471 (tattgccgctttaat)

Putative ICE with T4SS

PM3-2 1678276..1746776 43.40 68,501 attL: 1678276..1678290 (taaaagcaacagcat)

attR: 1746762..1746776 (taaaagcaacagcat)

Putative ICE with T4SS

PM3-3 3696382..3796909 41.98 100,528 attL: 3696382..3696396 (taatgctattttttt)

attR: 3796895..3796909 (taatgctattttttt)

Putative ICE with T4SS

PM3-4 1678055..1746555 43.40 68,501 attL: 1678055..1678069 (taaaagcaacagcat)

attR: 1746541..1746555 (taaaagcaacagcat)

Putative ICE with T4SS

PM3-5 3524314..3652232 42.17 127,919 attL: 3524314..3524328 (ataaaatacttttta)

attR: 3652218..3652232 (ataaaatacttttta)

Putative ICE with T4SS

PM3-6 3603558..3866601 40.46 263,044 attL: 3603558..3603573 (tctgtgcagtaaaaaa)

attR: 3866586..3866601 (tctgtgcagtaaaaaa)

Putative ICE with T4SS

PM3-9 3601557..3864543 40.45 262,987 attL: 3601557..3601572 (tctgtgcagtaaaaaa)

attR: 3864528..3864543 (tctgtgcagtaaaaaa)

Putative ICE with T4SS

PM3-10 3716853..3757384 44.69 40,532 – Putative ICE with T4SS
PM2-3 3790440..3819943 44.38 29,504 attL: 3790440..3790454 (caaaaccataaaacc)

attR: 3819929..3819943 (caaaaccataaaacc)

Putative IME

PM2-5 3363919..3384240 40.87 20,322 attL: 3363919..3363933 (ccaaaaaatgcatta)

attR: 3384226..3384240 (ccaaaaaatgcatta)

Putative IME

PM2-6 3316029..3385857 36.68 69,829 attL: 3316029..3316044 (aaaatattagtgagta)

attR: 3385842..3385857 (aaaatattagtgagta)

Putative IME

3853151..3907640 45.54 54,490 †† Putative IME
PM2-10 3847018..3872472 42.51 25,455 attL: 3847018..3847032 (cgctgatgcagtaac)

attR: 3872458..3872472 (cgctgatgcagtaac)

Putative IME

PM3-5 1510679..1556480 40.12 45,802 attL: 1510679..1510694 (cagcaatggatattta)

attR: 1556465..1556480 (cagcaatggatattta)

Putative IME

PM3-8 3864568..3889007 42.45 24,440 attL: 3864568..3864582 (cgctgatgcagtaac)

attR: 3888993..3889007 (cgctgatgcagtaac)

Putative IME

† attL: 2873874..2873925 (atggtgcccggactcggaatcgaaccaaggacacggggattttcaatcccct); attR: 2966486..2966537 (atggtgcccggactcggaatcgaaccaaggacacggggattttcaatcccct). 
≠ attL: 1810225..1810276 (atggtgcccggactcggaatcgaaccaaggacacggggattttcaatcccct); attR: 1902836..1902887 (atggtgcccggactcggaatcgaaccaaggacacggggattttcaatcccct). 
†† attL: 3853151..3853228 (ggattgttcacccactaatagggaacgtgagctgggtttagaccgtcgtgagacaggttagttttaccctactgatga); attR: 3907563..3907640 
(ggattgttcacccaccaatagggaacgtgagctgggtttagaccgtcgtgagacaggttagttttaccctactgatga).
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the 30 isolates. All strains contained at least 8 of the 32 
variable virulence genes that included the categories 
transporter, Proteus-like (MR/P) fimbriae, protein, adhesin, 
enzyme, fimbrial, metal, and regulator that included ABC 
transporter permease, hemolysin activator protein, fimbrial 
adhesin, IS4 family transposase ORF 2, siderophore 
biosynthesis protein, and non-ribosomal peptide synthase. 
The PM3 group contained the largest numbers of virulence 
factors while 10 isolates did not contain any virulence factors 
related to UCA in the PM1 and PM2 groups (Figure  6B, 
Supplementary Table S2).

The virulence factors for the MR/P and PMF fimbriae 
and UCA are considered essential in the initial phase of 
infection and contribute significantly to UTI development 
(Cook et  al., 1995; Jansen et  al., 2004; Govindarajan and 
Kandaswamy, 2022). Aggregation and initial biofilm formation 
are mediated by MR/P fimbriae that are products of the 
mrp operon (Wasfi et  al., 2020). The UCA fimbriae are 
controlled via the ucaA gene and PMF confers bladder 
colonization. All of our isolates contained PMF and 20 
contained ucaA and most contained 5 other UCA-related 
virulence genes (Supplementary Table S3). Moreover, 
we  found 20 putative fimbrial operons and this is the largest 
number found in any sequenced bacterial species (Scavone 
et  al., 2016).

P. mirabilis is highly mobile and swarm ability allows it to 
pass through catheters to the urinary tract. Flagella are important 
to swarmer cell differentiation and are necessary to swarming 
motility (Belas and Suvanasuthi, 2005). In our study, we  found 
all the isolates carried 20 different flagellar virulence factors 
including flgI, film, and flgC. Most importantly, 29 isolates except 
PM3-8 contained the ZapA virulence factor (Belas et  al., 2004) 

that enables the bacterium to survive in the urethra via 
degradation of host proteins using the Zap1 metalloproteinase 
(Supplementary Table S3). Our findings indicated the P. mirabilis 
isolated from healthy pigs is a potential threat to public health 
since its high prevalence and possession of virulence genes and 
ARGs can be  transferred via MGEs.

CONCLUSION

In this study, we  conducted the prevalence and characteristics of 
P. mirabilis from healthy farmed pigs in China. Phylogenetic 
analysis indicated the isolates were closely related and clustered 
into 2 major groups. Our 30 isolates harbored 91 ARGs and 
>50% contained MGEs as well as 95 different virulence factors 
that included the presence of 20 putative fimbrial operons. Most 
(90%) of the isolates were strong biofilm formers. This is the 
first study to report the genomic investigation and prevalence of 
P. mirabilis associated with pig farm operations in Zhejiang, China.
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Screening and evaluation of 
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potential from local Holstein raw 
milk
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There are massive bacteria in the raw milk, especially the lactic acid bacteria 

(LABs), which have been considered probiotics in humans and animals 

for a long time. Novel probiotics are still urgently needed because of the 

rapid development of the probiotic industry. To obtain new LABs with high 

probiotic potential, we obtained 26 LAB isolates, named L1 ~ L26, from local 

Holstein raw milk collected from a farm whose milk had never been used 

for LAB isolation. We  identified them at the species level by biochemical 

and 16S rDNA sequencing methods. Their antagonistic activities against 

four target pathogens (Escherichia coli ATCC 25922, Staphylococcus 

aureus ATCC 25923, Pseudomonas aeruginosa PAO1, and Salmonella 

enterica H9812), co-aggregative ability with these target pathogens, 

survivability in the simulated gastrointestinal tract conditions and phenol, 

auto-aggregation and hydrophobicity, hemolytic activity, and antibiotic 

susceptibility, were evaluated in vitro. Five Lactiplantibacillus plantarum 

isolates (L5, L14, L17, L19, and L20) showed more promising probiotic 

potential than others. Specifically, these five isolates conglutinated with 

and inhibited all the target pathogens, and survived in the simulated gastric 

juice (92.55 ~ 99.69%), intestinal juice (76.18 ~ 83.39%), and 0.4% phenol 

(76.95 ~ 88.91%); possessed considerable auto-aggregation (83.91 ~ 90.33% 

at 24 h) and hydrophobicity (79.32 ~ 92.70%); and were non-hemolytic, 

sensitive to kinds of common antimicrobials. Our findings demonstrated 

that these five isolates could be  preliminarily determined as probiotic 

candidates because they have better probiotic potential than those 

previously reported. Again, this study highlighted the potential of raw milk 

for probiotic isolating and screening and provided the probiotic industry 

with five new LAB candidates.

KEYWORDS

raw milk, LAB strains, probiotic potential, safety assessment, probiotics, 
Lactiplantibacillus plantarum
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Introduction

Probiotics are defined as a kind of “live microorganisms which 
when administered in adequate amounts confer a health benefit on 
the consumer” (Araya et al., 2002). Lactic acid bacteria (LABs), 
including Lactococcus, Lactobacillus, Streptococcus, and 
Enterococcus, are a group of Gram-positive, cocci or rod, catalase-
negative, coagulase-negative, non-spore-forming, and harsh to 
culture bacteria. LABs possess a high tolerance for low pH 
(Mokoena, 2017; De Melo Pereira et  al., 2018) and have been 
considered one of the most important probiotics for a long history 
because of their extensive beneficial effects on humans and animals 
(Food and Agriculture Organization, 2006; Hill et al., 2014). It has 
been determined that LABs possess anti-cancer, anti-cholesterol, 
anti-depression, anti-anxiety, anti-obesity, anti-diabetic, and 
immunostimulatory activities (Zoumpopoulou et al., 2017; Suez 
et  al., 2019; Mathur et  al., 2020). Intriguing, LABs are also 
considered a role in the respiratory system (De Boeck et al., 2021). 
The LABs-sourced biofunctional products are still in great need 
even though diverse functional LABs have been applied in 
commercial probiotic fermented food worldwide (De Melo Pereira 
et al., 2018). An approximate 27.9 billion dollars were spent on the 
purchase of probiotics in 2011, which increased to 44.9 billion 
dollars in 2018 (Transparency Market Research (TMR), 2013). And 
the global probiotics demand was expected to increase to 83.5 
billion dollars by 2022 T.T.M. Research (2017). Meanwhile, 
abundant scientific studies involving the selection of LABs with 
different and specific functional properties have been reported in 
the last decades, and new probiotic LABs are also being constantly 
isolated and identified (De Melo Pereira et al., 2018). These new 
LABs are isolated from multiple sources, such as human raw milk 
(Shin et al., 2021) and grains (Fiorda et al., 2017), but milk and 
other dairy products are commonly considered the main sources of 
LABs (Plessas et al., 2017; Reuben et al., 2020).

Considering the target functions and technological 
applications, screening, selecting, and evaluating new probiotic 
LABs require a comprehensive approach consisting of a series of 
steps (De Melo Pereira et  al., 2018). In 2002, the Food and 
Agriculture Organization of the United Nations and the World 
Health Organization published the “Guidelines for Evaluation of 
Probiotics in Food” (Araya et al., 2002), which put an end to the 
chaos in affirming the efficacy and safety of probiotic 
microorganisms, and established safety and effectiveness 
standards for probiotics selection and evaluation. The guidelines 
proposed several criteria for the selection of probiotics. Firstly, 
the candidates should possess the ability against the unfavorable 
conditions imposed by the human body, including the enzymes, 
adverse pH, mild heat shock, bile acid, phenol, etc. Secondly, the 
candidates should also possess the ability to colonize the 
gastrointestinal tract (GIT) epithelial cells, called adhesion ability, 
consisting of both autoaggregation capacity and hydrophobic 
properties. Once adhered to the epithelial cells, the candidates 
should produce extracellular antimicrobial ability by converting 
carbohydrates, proteins, and other minor compounds into 

important substances that can inhibit pathogenic bacteria or by 
competing for nutrients, aggregating with pathogens, and 
stimulating the immune system (Lebeer et  al., 2008). 
Furthermore, the safety must be assessed when live microbes are 
introduced to the daily diet (Culligan et  al., 2009), including 
isolation history, taxonomic identification, absence of virulence, 
infectivity, toxicity, and transferable antibiotic resistance genes 
(Sanders et al., 2010). Finally, after in vitro studies, animal studies 
and clinical trials should also be executed to validate the safety 
and efficiency of the final candidates (De Melo Pereira 
et al., 2018).

Hence, to obtain new LABs with promising probiotic 
potential, we  collected cow milk samples from indigenous 
Holstein cows raised on a historic farm whose milk had never 
been sampled for probiotics isolation and isolated and identified 
the LABs in the milk. Then, the antipathogenic activity, stress 
tolerance, adhesion activity, safety characteristics, and growth 
performance were assessed. Our study will provide new probiotic 
LAB candidates for further probiotic development and industry.

Materials and methods

Sample collection

Fresh milk samples were randomly collected from 22 healthy 
(puerperal period, 524 ± 58 kg, without visible symptoms) Holstein 
cows belonging to a large-scale farm (over 1,000 puerperal cows, 
29.91°N, 103.37°E) with over 50 years of history in Hongya, 
Sichuan, China. Before the sample collection, the udder and the 
surrounding area were thoroughly cleaned with 70% ethanol and 
dried with individual paper towels. The sample was collected into 
50 ml sterile corked plastic tubes after discarding the first three 
drops of raw milk, followed by immediate storage in a 4°C ice-box, 
transportation to the laboratory for the following experiments.

Isolation and purification

The isolation method of LABs referred to Reuben et al. (2020). 
Briefly, 10 ml of each milk sample was enriched with 40 ml of de 
Man, Rogosa, and Sharpe (MRS) broth (Hopebio, Qingdao, 
China) and cultured overnight in a 37°C-shaking incubator under 
aerobic conditions. The fresh cultures with visible turbidity were 
homogenized in sterile normal saline using a vortex mixer, and 
100 μl of each sample after ten-fold of continuous dilution was 
taken and coated on MRS agar and incubated for 24–72 h at 37°C 
under aerobic conditions. Then, individual colonies with different 
morphologies were selected and purified through three continuous 
passages on MRS agar. According to the standard procedures 
(Sharpe, 1979), catalase activities and coagulase activities were 
detected. Together with the Gram staining results (positive), 
catalase activity (negative), coagulase activity (negative), and cell 
morphology, 26 purified isolations (with different colony 
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characteristics) were preliminarily identified as LABs and stored 
at −80°C in 50% glycerol for the subsequent experiments.

Species identification

Biochemical identification
The biochemical characteristics of the 26 purified LAB 

isolates were simultaneously identified using biochemical tubes 
(Hopebio, Qingdao, China) according to Bergey’s Manual of 
Determinative Bacteriology (Cummings, 1926), including the 
ability to ferment different sugars, gelatin liquefaction, and 
sulfuretted hydrogen production.

16S rDNA sequencing and sequences analysis
The DNA of the 26 LAB isolates was extracted by a DNA 

Extraction Kit (Tiangen, Beijing, China), and the quality of the 
extracted DNA was measured using an ND-1000 micro UV 
spectrophotometer (NanoDrop Technologies, United States). Then, 
the universal primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) 
and 1492R (5′-TACGACTTAACCCCAATCGC-3′) were used to 
amplify the 16S rDNA gene. Each PCR reaction (25 μl) contained 
12.5 μl PCR Master Mix, 9.5 μl nuclease-free H2O, 1 μl forward 
primer, 1 μl reverse primer, and 1 μl DNA sample. The PCR 
procedure was performed as follows: predenaturation at 94°C for 
5 min, followed by 30 cycles (30 s of denaturation at 94°C, 30 s of 
annealing at 55°C, and 1 min of extension at 72°C), with a final 
extension at 72°C for 7 min. The PCR products were stored at 4°C 
for subsequently checking on 2% agarose gel electrophoresis 
stained with the golden view. Part of the checked products was 
then sent to Sangon Biotech Co.Ltd. (Shanghai, China) for 16S 
rDNA sequencing. Based on the results of 16S rRNA sequencing, 
the homology alignment analysis with the nucleic acid sequences 
of bacteria in GenBank1 was performed using BLAST.2 Then, the 
phylogenetic tree was established by MEGA6 software (Mega 
Limited, Auckland, New  Zealand) and sequences with a 
demarcation threshold of >99% were classified as the same species. 
Kimura 2-parameter model and Neighbor-Joining method were 
used to construct the phylogenetic tree. Briefly, the robustness of 
individual branches was estimated using bootstrapping with 1,000 
replications, and the phylogenetic tree was confirmed by the 
maximum-parsimony method and maximum-likelihood method. 
Lactococcus lactis strain NBRC 100933 (NR_113960.1), L. lactis 
strain 4,319 (MT544861.1), Streptococcus lutetiensis strain 
CIP 106849 (NR_115719.1), Weissella hellenica strain NCFB 2973 
(NR_118771.1), Enterococcus durans strain 98D (NR_036922.1), 
Limosilactobacillus fermentum strain NBRC 15885 (NR_113335.1), 
Limosilactobacillus fermentum strain CIP 102980 (NR_104927.1), 
Enterococcus lactis strain BT159 (NR_117562.1), Rummeliibacillus 
stabekisii strain KSC-SF6g (NR_043992.1), Lactobacillus 

1 https://www.ncbi.nlm.nih.gov/genbank/

2 http://blast.ncbi.nlm.nih.gov/Blast.cgi

plantarum strain DKO 22 (NR_042254.1), and L. plantarum strain 
DSM 10667 (NR_025447.1) were used as typical strains to 
construct the phylogenetic tree.

Antipathogenic activity detection

Antagonistic activity
The antimicrobial activities of the 26 LAB isolates against 

enterotoxigenic Escherichia coli ATCC 25922 (ETEC), 
Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa 
PAO1, and Salmonella enterica H9812 were determined using the 
Oxford Cup method (Fontana et al., 2015). These four pathogenic 
bacteria were purchased from the American type culture 
collection (ATCC). Briefly, the resurgent LAB isolates were 
inoculated to MRS broth and incubated for 24 h at 37°C under 
aerobic conditions. Meanwhile, the targeted pathogens were 
precultured under the same conditions in Luria-Bertani (LB) 
broth (Hopebio, Qingdao, China). Fresh cultures of the four 
targeted pathogens (100 μl, 107 CFU/ml) were coated on an LB 
agar plate and dried. Oxford Cups placed on plates were filled with 
100 μl of cell-free supernatant (CFS) obtained from centrifugation 
of LAB cultures at 4500 r/min for 10 min. The diameters of 
inhibition zones were measured and recorded after incubating at 
37°C for 24 h under anaerobic conditions.

Co-aggregative ability with pathogens
The co-aggregation abilities of 14 LAB isolates (with 

inhibitory effect on all four target pathogens) were detected to 
evaluate their abilities to gather pathogens and facilitate the 
elimination of pathogens through feces (De Melo Pereira et al., 
2018). Briefly, 2 ml of fresh overnight cultures and 2 ml of each 
pathogen culture were mixed, vortexed, and incubated at 37°C 
for 2 h. Tubes containing 4 ml of each LAB isolates or each 
pathogen suspension were used as controls. Then, the absorbance 
(600 nm) at 2 h of the tubes was measured to calculate the 
co-agglutination rates followed the formula:

 
co agglutination rate A A A

  

mix LAB pathogen- ( ) = - +( )éë ùû
´

% / /1 2

1000

in which Amix represents the absorbance of the mixture, ALAB 
represents the absorbance of the pure LAB cultures, and Apathogen 
represents the absorbance of the pure pathogen suspension.

Stress tolerance detection

Tolerance for simulated GIT conditions
The survivability of the 14 selected LAB isolates to simulated 

GIT conditions was assessed referred to Zhang’s work (Zhang 
et al., 2016). Firstly, 0.3 g pepsin (Solarbio, Beijing, China) was 
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dissolved in 100 ml 0.9% sterile saline, and the pH was adjusted to 
3.0 with 1 M HCL (Hopebio, Qingdao, China) to prepare the 
simulated gastric juice. And 0.2 g trypsin (Sangon, Beijing, China) 
and 0.3 g ox-bile salts (Hopebio, Qingdao, China) were dissolved 
in 100 ml 0.9% sterile saline, and the pH was adjusted to 8.0 with 
1 M NaOH (Hopebio, Qingdao, China) to prepare the simulated 
intestinal juice. The simulated gastric juice and intestinal juice 
were subsequently filter-sterilized (0.22 μm; Green Union Science 
Instrument Co., Ltd, Jiangsu, China). After three consecutive 
passages, the resurgent LAB isolates were incubated in MRS broth 
for 12 h. Then, 10 ml of the fresh cultures were centrifuged at 
8,000 × g for 10 min at 25°C. The pelleted cells were resuspended 
in an equal volume of sterile normal saline, followed by 10 min of 
centrifugation with the same parameters. Then, the pelleted cells 
were resuspended in 10 ml of prepared simulated gastric juice 
(0 h), followed by incubation at 37°C for 3 h under aerobic 
conditions (3 h). After that, the pelleted cells obtained by 
centrifugation from gastric juice were transferred into 10 ml of 
prepared simulated intestinal juice again and incubated aerobically 
for 4 h at 37°C (7 h). The viable colonies at 0 h, 3 h, and 7 h were 
determined using plate counts on MRS agar to calculate the 
survival rate. All the experiments were repeated three times with 
three technical replicates each time. The mean value of the results 
of the three independent experiments was calculated as follows:

 
Survival rate N N % / ,( ) = ´1 0 100

in which N0 is the number of viable bacteria at 0 h (CFU/mL) 
and N1 is the number of viable bacteria in artificial gastrointestinal 
fluid at 3 or 7 h (CFU/mL).

Tolerance for phenol
To assess the phenol tolerance of the 14 selected LAB isolates, 

overnight LAB cultures were transferred to a new MRS broth 
containing 0.4% phenol (Hopebio, Qingdao, China) at 37°C. After 
24 h of incubation, the viable colonies of cultures were measured 
using plate counts to detect the viability of the LAB isolates.

Adhesion activity detection

Auto-aggregation activity
The auto-aggregation abilities of the 14 selected LAB isolates 

were determined using the spectrophotometer to evaluate the 
adherence capability to intestinal epithelial cells. Briefly, fresh 
cultures were centrifuged at 4500 r/min for 10 min to collect the 
pelleted cells, washed twice with sterile 1 × PBS, and adjusted to 
108 CFU/ml in the same buffer. Then, 4 ml of the adjusted  
cell suspension was vortexed for 10 s and incubated for  
24 h at 37°C. To observe the auto-aggregation ability, the 
absorbance (600 nm) at 0, 3, 6, and 24 h was measured using a 
spectrophotometer. All the experiments were repeated three times 
with three technical replicates each time. The mean value of the 

results of the three independent experiments was calculated 
as follows:

 
auto agglutination rate A At- ( ) = - ( )´ % / ,1 1000

in which At represents the absorbance at 3, 6, or 24 h and A0 
represents the absorbance at 0 h.

Cell surface hydrophobicity
To evaluate the adherence ability to hydrocarbons of the 

selected LAB isolates, the cell surface hydrophobicity was 
measured. Firstly, fresh overnight LAB cultures were collected by 
centrifugation at 4,500 r/min for 10 min, and the pelleted cells 
were washed twice with sterile 1 × PBS and then resuspended in 
the same buffer. Afterward, 2 ml of cell suspension was mixed with 
2 ml xylene (Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China), and the mixtures were vortexed vibration for 10 min and 
left at 25°C for 40 min for two phases separation. The lower 
aqueous phase was carefully absorbed, and its absorbance was 
measured at 600 nm in triplicate to calculate the cell surface 
hydrophobicity (%), the formula is as follows:

 
Cell surface hydrophobicity A Af  % /( ) = - ( )´1 1000

in which Af represents final absorbance and A0 represents 
initial absorbance.

Safety assessment

Hemolytic activity
To determine the hemolytic activity, fresh overnight LAB 

cultures were streaked on blood agar plates, and the phenotype 
around the colonies was observed after 48 h of incubation at 
37°C. S. aureus ATCC 25923 was used as the positive control. The 
hemolytic reaction was evaluated by observing both the partial 
hydrolysis of red blood cells and the production of a green zone 
(α-hemolysis), as well as the total hydrolysis of red blood cells 
producing a clear zone around the bacterial colony (β-hemolysis) 
or no reaction (γ-hemolysis).

Antibiotic susceptibility
Disc-diffusion test was used to assess the antibiotic 

susceptibility of the selected LAB strains, including the following 
13 antimicrobials (Lanjun Biotechnology Co., Ltd., Guangzhou, 
China): penicillin G (P, 10 μg), ampicillin (AMP, 10 μg), 
ceftriaxone (CRQ, 30 μg), amoxicillin (AML, 25 μg), erythromycin 
(E, 15 μg), clarithromycin (CLR, 15 μg), tetracycline (TE, 30 μg), 
gentamicin (C, 10 μg), amikacin (AK, 30 μg), vancomycin (VA, 
30 μg), chloramphenicol (C, 30 μg), rifampicin (Rd, 5 μg), and 
fosfomycin (S, 200 μg). Fresh overnight cultures of each LAB 
strain were diluted to 108 CFU/ml, 100 μl of which was coated on 
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MRS agar plates and dried. Then, three homogenous antibiotic 
discs were manually placed on the surface of the dried MRS plate. 
After 5 min, the placed plates were turned over and incubated at 
37°C for 48 h under anaerobic conditions. The diameters (mm) of 
the inhibition zones were measured to classify the antibiotic 
susceptibility as resistance (R), moderate susceptibility (MS), or 
susceptibility (S) based on the parameters of the Clinical and 
Laboratory Standards Institute (CLSI; El-Shaer et al., 2017).

Growth performance evaluation

Referring to the previous study (Liu et al., 2020), we detected 
the growth performance of the five candidates by constructing 
their growth curves using MRS broth as the negative control. 
Briefly, 50 μl (1%) of each LAB culture (the mid-exponential 
phase) was inoculated into 50 ml of fresh MRS broth and 
incubated at 37°C for 48 h. The absorbance (600 nm) was 
measured at a frequency of every 2 h in the 0–24 h and every 6 h 
in the 25–48 h.

Statistical analysis

All results were expressed as mean ± SD, and the statistical 
significance of the differences was evaluated by one-way ANOVA 
using SPSS 26 (IBM, NYC, United  States). Differences were 
considered significant at p < 0.05 and extremely significant at 
p < 0.01. All the graphical presentations were generated by 
GraphPad Prism 9.0 (GraphPad Software, CA, United States).

Results

To obtain different LABs, we picked out individual colonies 
with different morphologies. And a total of 26 isolates with typical 
morphological characteristics of LAB (Gram-positive bacilli and 
cocci, catalase-negative, coagulase-negative, and non-motile) were 
obtained from the 22 cow milk samples after isolation and 
purification for subsequent experiments, including species 
identification, antipathogenic activity detection, stress tolerance 
detection, adhesion activity detection, safety assessment, and 
growth performance evaluation.

Species identification

The biochemical characteristics of the 26 isolates were 
detected to confirm the type of these isolates preliminarily. The 
results are shown in Supplementary Table  1. Based on the 
biochemical characteristics, the 26 isolates were initially identified 
as Lactococcus (L2, L11, L13, L16, and L18), Streptococcus (L26), 
Lactiplantibacillus (L1, L3, L4, L5, L6, L7, L10, L14, L17, L19, L20, 
L21, and L22), Enterococcus (L9 and L15), Rummeliibacillus (L8 

and L12), Limosilactobacillus (L23 and L24), and Weissella (L25). 
The 16S rDNA gene sequences of these 26 isolates were used to 
construct a phylogenetic tree, and the result is shown in Figure 1. 
L2, L13, and L16 were clustered with Lactococcus lactis strain 
NBRC 100933 (NR_113960.1); L11 and L18 were clustered with 
L. lactis strain 4,319 (MT544861.1); L1, L3, L4, L5, L6, L7, L10, 
L14, L17, L19, L20, L21, and L22 were clustered with 
Lactiplantibacillus plantarum strain DSM 10667 (NR_025447.1); 
L23 were clustered with Limosilactobacillus fermentum strain 
NBRC 15885 (NR_113335.1); L24 were clustered with 
Limosilactobacillus fermentum strain CIP 102980 (NR_104927.1); 
L25 were clustered with W. hellenica strain NCFB 2973 
(NR_118771.1); L26 were clustered with S. lutetiensis strain 
CIP  106849 (NR_115719.1); L8 and L12 were clustered with 
R. stabekisii strain KSC-SF6g (NR_043992.1); and L15 and L9 were 
clustered with Enterococcus lactis strain BT159 (NR_117562.1) 
and E. durans strain 98D (NR_036922.1), respectively.

Antipathogenic activity

To evaluate the inhibitory effect of the obtained 26 isolates on 
the growth of common intestinal pathogens, the antagonistic 
activities against E. coli ATCC 25922 (ETEC), S. aureus ATCC 
25923, P. aeruginosa PAO1, and S. enterica H9812 were detected. 
We  observed that 14 of them inhibited the growth of all 4 
pathogens. The detailed results of the antipathogenic activities are 
shown in Table 1. Referring previous study (Reuben et al., 2020), 
the antipathogenic activities of these LABs were divided into four 
ranges: I, 8 mm < zone diameters ≤12 mm; II, 12 mm < zone 
diameters ≤16 mm; III, 16 mm < zone diameters ≤20 mm; and IV, 
20 mm < zone diameters. In general, these 14 isolates demonstrated 
high antagonistic activities against S. aureus ATCC 25923, 
moderate antagonistic activities against P. Aeruginosa PAO1, and 
low antagonistic activities against ETEC and Salmonella H9812 
(p < 0.05). Although the inhibitory effect on the 4 target pathogens 
was strain-specific, the isolates L17, L1, L21, L14, and L19 
exhibited higher inhibitory activities than others (p < 0.05).

The co-aggregation abilities of the 14 isolates with the four 
target pathogens are shown in Table 2. For ETEC, L20 showed the 
highest co-aggregation ability, followed by L5, L14, L7, and L22. 
For S. aureus ATCC 25923, the isolates with the top five highest 
co-aggregation abilities were L5, L20, L22, L14, and L7. For 
Salmonella H9812, L22 showed the highest co-aggregation ability, 
followed by L5, L20, and L14. For P. Aeruginosa PAO1, the isolates 
with the top five highest co-aggregation abilities were L22, L20, 
L14, L7, and L10.

Tolerance for simulated GIT conditions 
and phenol

In order to detect the survival ability of the isolated LABs in 
a simulated gastrointestinal environment, these 14 isolates were 

131

https://doi.org/10.3389/fmicb.2022.918774
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2022.918774

Frontiers in Microbiology 06 frontiersin.org

inoculated in artificial gastric juice for 3 h, then transferred to 
the artificial intestinal juice for 4 h. The results are shown in 
Table 3. In general, all the isolates showed high survival rates 
(74.49 ~ 99.69%) in the simulated gastric juice, and most of the 
isolates (except L2) demonstrated high survival rates 
(64.95 ~ 84.93%) in the simulated intestinal juice. Specifically, 
the five isolates with the highest survival rate in gastric juice 
were L22 (99.69%), L21 (96.92%), L7 (98.05%), L3 (97.82%), 
and L19 (96.37%), and L21 (84.94%), L22 (83.89%), L14 
(83.39%), L4 (82.60%), and L17 (80.48%) were the top five 
isolates with the highest survival rates in the artificial 
intestinal juice.

The influence of phenol on the growth of these 14 LAB isolates 
is shown in Figure 2, in which L14 showed the highest phenol 
tolerance (88.91%), followed by L6 (87.03%), L4 (84.45%), and L1 

(83.57%). Except for L2 (66.50%) and L19 (69.86%), all isolates 
tolerated 0.4% phenol (>70%).

Adhesion activity

Different auto-aggregation abilities were revealed for the selected 
LAB isolates at the 3rd h, 6th h, and 24th h from the beginning of 
co-culture, and the results are shown in Table 4. In general, the auto-
aggregation effect of the identified LAB isolates showed a time-
dependent manner. At the 3 h point, L20 showed the highest auto-
aggregation ability (76.32%), followed by L14 (62.50%), L7 (49.28%), 
and L17 (40.73%), while the other tested isolates showed lower auto-
aggregation abilities between 1.81 and 27.87%. At 6 h point, the 
isolates with high auto-aggregation effect were L20 (86.37%), L14 

FIGURE 1

The phylogenetic tree based on 16S rDNA genes of the 26 isolates and type strains.
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(79.61%), L7 (77.64%), L4 (58.62%), and L19 (53.49%). Whereas, at 
the 24 h point, the auto-aggregation effect of seven isolates (L4, L14, 
L20, L7, L5, L19, and L17) exceeded 80%, and the others (except L10) 
also showed high auto-aggregation effects (53.26–65.31%).

The results of the cell surface hydrophobicity of the identified 
LAB isolates are shown in Figure  3. In general, most of the 
identified isolates showed high (71 ~ 100%) or medium (36 ~ 70%) 
cell surface hydrophobicity (the classification standard referred to 

Ocana et al. (Ocaña et al., 1999)). The hydrophobicity was highest 
in L14 (94.08%), followed by L20 (92.67%), L7 (92.70%), L5 
(91.21%), L19 (84.52%), L17 (79.32%), and L21 (72.95%), and L22 
(69.81%) and L2 (64.58%) showed the medium hydrophobic.

Safety analysis
The hemolytic activity test results showed that these 14 

isolates were non-hemolytic (Supplementary Figure  1). The 

TABLE 1 Antagonistic activity of potential probiotic isolates from cow milk samples against four target pathogenic bacteria by the Oxford cup 
method.1

Strain Antagonistic activity (mm)

E. coli ATCC 25922 Staphylococcus aureus 
ATCC 25923 Salmonella H9812 P. aeruginosa PAO1

L1 14.57 ± 0.45bc 27.43 ± 0.51a 12.57 ± 0.46c 18.40 ± 0.29b

L2 11.10 ± 0.26e 12.43 ± 0.42i 13.60 ± 0.15b 14.27 ± 0.20i

L3 14.20 ± 0.61cd 22.13 ± 0.51b 11.07 ± 0.12fg 15.73 ± 0.25fgh

L4 14.30 ± 0.78bcd 21.93 ± 0.72bc 10.77 ± 0.26g 16.93 ± 0.15de

L5 14.50 ± 0.89bc 21.93 ± 0.50bc 12.70 ± 0.25c 18.07 ± 0.87bc

L6 13.17 ± 0.42d 21.27 ± 0.90cd 11.10 ± 0.60fg 15.63 ± 0.46gh

L7 13.53 ± 1.04de 14.40 ± 0.10h 14.30 ± 0.10a 16.10 ± 0.70fg

L10 14.03 ± 0.25cd 27.43 ± 0.45a 11.93 ± 0.21de 15.03 ± 0.15ghi

L14 12.90 ± 0.82d 20.97 ± 0.49d 12.40 ± 0.32cd 16.13 ± 0.26hi

L17 13.97 ± 0.45cd 20.13 ± 0.93e 14.43 ± 0.50a 22.03 ± 0.55a

L19 16.53 ± 0.55a 19.53 ± 0.64ef 12.13 ± 0.36cde 16.50 ± 0.15ef

L20 14.53 ± 0.21bc 19.23 ± 0.21f 11.60 ± 0.15ef 12.63 ± 0.30j

L21 15.07 ± 0.15b 26.87 ± 0.25a 11.57 ± 0.64ef 17.47 ± 0.35cd

L22 16.43 ± 0.75a 18.10 ± 0.36g 11.60 ± 0.26ef 15.60 ± 0.17gh

1Results of independent experiments (n = 3) of inhibition zones are presented using mean ± SD; 
a-jValues in a column with different superscript letters are significantly different (Waller-Duncan, p < 0.05).

TABLE 2 Co-aggregation abilities of potential probiotic LABs isolated from cow milk.1

Strain
Co-aggregation (%)

E. coli ATCC 25922 Staphylococcus aureus 
ATCC 25923 Salmonella H9812 P. aeruginosa PAO1

L1 35.96 ± 0.64gh 31.07 ± 0.95i 30.92 ± 1.22k 53.49 ± 1.16gh

L2 38.42 ± 1.53ef 34.95 ± 0.58g 36.05 ± 3.15j 53.40 ± 0.52h

L3 28.43 ± 1.33i 29.91 ± 1.14j 41.97 ± 1.33i 54.66 ± 0.52fg

L4 36.71 ± 1.67fg 41.63 ± 1.01e 53.70 ± 1.59g 47.26 ± 0.42i

L5 66.51 ± 1.01ab 74.24 ± 0.37a 94.37 ± 2.12b 83.48 ± 1.15b

L6 34.30 ± 0.82h 29.12 ± 0.67j 48.37 ± 2.35h 46.97 ± 0.31i

L7 52.99 ± 1.37c 50.49 ± 1.17d 63.19 ± 1.74e 65.15 ± 1.02d

L10 38.74 ± 0.81e 35.26 ± 0.83g 52.04 ± 2.18g 58.14 ± 1.63e

L14 65.45 ± 1.66b 56.43 ± 0.22c 84.91 ± 2.16d 81.00 ± 0.69c

L17 50.65 ± 1.46d 33.33 ± 0.24h 46.19 ± 1.20h 54.83 ± 1.06f

L19 49.61 ± 1.63d 37.16 ± 0.92f 57.25 ± 0.92f 55.31 ± 1.09f

L20 67.85 ± 1.10a 73.18 ± 0.48a 90.75 ± 1.03c 82.99 ± 0.19b

L21 21.63 ± 0.92j 34.60 ± 0.34g 27.28 ± 1.38m 37.09 ± 0.15j

L22 52.95 ± 0.41c 69.68 ± 0.71b 97.19 ± 1.04a 87.41 ± 0.03a

1Results of independent experiments (n = 3) of co-aggregation rate are presented using mean ± SD; 
a-mValues in a column with different superscript letters are significantly different (Waller-Duncan, p < 0.05).
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susceptibility profile of all these 14 isolates to 13 commonly 
used antibiotics was assessed, and the results are shown in 
Table  5. The resistance rates (includes resistance and 

intermediate) were 0% (0/14) to penicillin G), 64.28% (9/14) to 
ceftriaxone, 100% (14/14) to vancomycin, 14.29% (2/14) to 
chloramphenicol, 100% (14/14) to gentamicin, 64.28% (9/14) to 

TABLE 3 Survival of the potential probiotic isolates in the artificial gastric and intestinal juices.1

Strain
Initial concentration Artificial gastric juice at pH 3.0 Artificial intestinal juice at pH 8.0

0 h
(log10 CFU ml−1)

3 h
(log10 CFU ml−1) Survival rate (%) 7 h

(log10 CFU ml−1) Survival rate (%)

L1 9.71 ± 0.01a 7.23 ± 0.10f 74.49 ± 1.04f 7.31 ± 0.08e 75.25 ± 0.85g

L2 8.90 ± 0.01gh 7.85 ± 0.06e 88.20 ± 0.66e 3.00 ± 0.00j 33.72 ± 0.00m

L3 8.88 ± 0.05h 8.68 ± 0.06bc 97.82 ± 0.63ab 6.32 ± 0.03h 71.19 ± 0.40h

L4 9.41 ± 0.05cd 8.05 ± 0.06de 90.91 ± 0.44de 7.77 ± 0.06b 82.60 ± 0.66c

L5 9.47 ± 0.09c 8.77 ± 0.56b 92.55 ± 5.86cd 7.22 ± 0.02f 76.18 ± 0.13f

L6 9.34 ± 0.03de 8.88 ± 0.08b 95.09 ± 0.82bc 6.07 ± 0.02i 64.96 ± 0.24k

L7 9.58 ± 0.06b 9.40 ± 0.06a 98.05 ± 0.55ab 7.40 ± 0.03d 77.20 ± 0.31e

L10 8.97 ± 0.06g 8.72 ± 0.08bc 97.28 ± 0.80ab 6.00 ± 0.00i 66.91 ± 0.00j

L14 9.34 ± 0.03de 8.88 ± 0.03b 95.05 ± 0.34bc 7.79 ± 0.07b 83.39 ± 0.74bc

L17 9.35 ± 0.05de 8.98 ± 0.09b 96.03 ± 0.95b 7.53 ± 0.08c 80.48 ± 0.88d

L19 9.29 ± 0.01e 8.95 ± 0.04b 96.37 ± 0.42b 6.99 ± 0.09g 75.25 ± 0.95g

L20 9.14 ± 0.05f 8.37 ± 0.06cd 91.59 ± 0.67d 6.24 ± 0.03h 68.22 ± 0.32i

L21 9.57 ± 0.03b 8.93 ± 0.05b 96.92 ± 0.49ab 8.12 ± 0.01a 84.94 ± 0.16a

L22 9.64 ± 0.05ab 9.60 ± 0.06a 99.69 ± 0.62a 8.08 ± 0.03a 83.89 ± 0.22b

1Results are expressed as mean ± SD; 
a-mValues in a column with different superscript letters are significantly different (Waller-Duncan, p < 0.05).

FIGURE 2

The results of phenol tolerance of 14 LAB isolates. Results are expressed as mean ± SD of triplicate tests. a-k Values in a column with different 
superscript letters are significantly different (Waller-Duncan, p < 0.05).
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erythromycin, 85.71% (12/12) to tetracycline, 57.14% (8/14) to 
rifampicin, 7.14% (1/14) to ampicillin, 100% (14/14) to 
amikacin, 7.14% (1/14) to amoxicillin, 28.57% (4/14) to 
clarithromycin, and 100% (14/14) to streptomycin, respectively. 
L20 showed the highest sensitive rate (76.92%), L3, L5, L7, L14, 
L19, and L21 showed a higher sensitive rate (69.23%) to these 
13 antibiotics.

Growth curve

Based on the results of the probiotic property test and safety 
analysis, the growth characteristics of the five most probiotic 
potential isolates, L5, L14, L17, L19, and L20, were measured, and 
their growth curves are shown in Figure 4. Except for L20, the 
other four isolates entered the stationary phase at the 14th h and 
lasted until the 48th h, indicating their good growth performance. 
L20 reached the stationary phase at the 30th h. L5 showed the best 
growth performance, while L20 showed the worst.

Discussion

The high nutrient content of raw milk provides multiple kinds 
of bacteria with favorable circumstances (Quigley et al., 2013), and 
the microbiota profiles from different farms are different (Hornik 
et al., 2021). LABs, a group of bacteria that ferment lactose to 
lactate, are a dominant population in cow milk before 
pasteurization. Hence, raw cow milk was considered an important 
source of LABs. The raw milk from this farm with 50 years of 
history had never been sampled for LAB isolation, and 
we obtained five isolates with promising probiotic potential.

Antipathogenic activity and safety characteristics were 
considered the most important properties of probiotic LABs 
(Araya et al., 2002). Hence, we detected the antagonistic activity 
of these 26 isolates against intestinal pathogens. Four standard 
common pathogenic strains, ETEC (Fleckenstein and Kuhlmann, 
2019), S. aureus (Cheung et al., 2021), Salmonella (Knodler and 
Elfenbein, 2019), and P. aeruginosa (Bachta et al., 2020), were 
used as target pathogens for antagonistic activity assay, and 14 

TABLE 4 Auto-aggregation abilities of potential probiotic LABs from 
cow milk.1

Strain
Auto-aggregation (%)

3 h 6 h 24 h

L1 13.00 ± 2.75gh 26.98 ± 1.50f 65.31 ± 5.70c

L2 10.10 ± 2.02h 18.07 ± 1.90h 53.26 ± 10.03de

L3 15.80 ± 2.54g 23.31 ± 0.49g 58.70 ± 8.04d

L4 27.39 ± 5.64e 58.62 ± 1.86c 91.62 ± 0.47a

L5 22.36 ± 1.46f 38.68 ± 1.47e 88.51 ± 0.91ab

L6 13.28 ± 1.92gh 23.62 ± 1.07g 55.96 ± 4.39d

L7 49.28 ± 1.42c 77.64 ± 1.26b 88.88 ± 0.58ab

L10 1.81 ± 0.72i 13.47 ± 3.16i 47.83 ± 0.67e

L14 62.50 ± 0.51b 79.61 ± 0.98b 90.33 ± 1.26a

L17 40.73 ± 2.94d 39.44 ± 0.81e 83.91 ± 0.34b

L19 27.87 ± 0.92e 53.49 ± 2.72d 87.76 ± 0.31ab

L20 76.32 ± 2.27a 86.37 ± 0.37a 89.63 ± 0.64ab

L21 13.79 ± 0.42gh 26.18 ± 1.22f 57.19 ± 0.82d

L22 14.83 ± 1.64g 25.01 ± 2.20fg 57.40 ± 1.38d

1Data are mean ± SD from triplicate experiments; 
a-iValues in a column with different superscript letters are significantly different  
(Waller-Duncan, p < 0.05).

FIGURE 3

The cell surface hydrophobicity of 14 LAB isolates. Results are expressed as mean ± SD of triplicate tests. a-k Values in a column with different 
superscript letters are significantly different (Waller-Duncan, p < 0.05). The dotted lines represent the threshold to distinguish the surface 
hydrophobicity (high, medium, and low) of the tested isolates.
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TABLE 5 Antibiotic susceptibility results of LAB isolates from milk.

Strain
Antibiotic susceptibility* Sensitive rate 

(S + I, %)P CRO VA C CN E TE RD AMP AK AML CLR S

L1 S R R S R S I S S R S S R 61.54

L2 S S I I R R S R R R R R R 38.46

L3 S I R S R I I S S R S S R 69.23

L4 S S R S R I I R S R S S R 61.54

L5 S I R S R S I S S R S I R 69.23

L6 S R R S R I I S S R S S R 61.54

L7 S I R S R I I I S R S S R 69.23

L10 S R R S R I I I S R S S R 61.54

L14 S I R S R I I S S R S I R 69.23

L17 S S R I R R I R S R S I R 53.85

L19 S S R S R S S I S R S S R 69.23

L20 S S R S I S I S S R S S R 76.92

L21 S I R S R I I I S R S S R 69.23

L22 S R R S R S I I S R S S R 61.54

P, penicillin G; CRO, ceftriaxone, VA, vancomycin; C, chloramphenicol; CN, gentamicin; E, erythromycin; TE, tetracycline; RD, rifampicin; AMP, ampicillin; AK, amikacin; AML, amoxicillin; CLR, clarithromycin; and S, streptomycin. *R, Resistance; S, Sensitive; 
and I, Intermediate.
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LAB strains were found to inhibit the growth of all these 
pathogenic strains (Table 1). In the present study, the inhibition 
zones against S. aureus by the 14 obtained LAB strains were (> 
20 mm) much wider than those isolated from human milk 
(Heikkila and Saris, 2003; Makete et al., 2017; Pellegrino et al., 
2019). The strong S. aureus antagonistic activities of the LAB 
strains indicated that the cows might suffer from S. aureus-
induced mastitis in the past (Pellegrino et al., 2019). Moderate 
inhibition zones against P. aeruginosa, ETEC and Salmonella were 
recorded, indicating a considerable antagonistic activity of these 
14 LAB strains, most of which (L1, L5, L10, L14, L17, L19, L20, 
L21, and L22) showed relative higher antagonistic activities 
against the target pathogenic strains (Table  1). Intriguing, the 
antimicrobial ability of LAB strains is mainly produced by the 
secreted compounds (such as organic acids, hydrogen peroxide, 
and bacteriocin), and the special microenvironment in the GIT 
(enzymes, adverse pH, and mild heat shock, et  al.) further 
enhances the antimicrobial potency of these compounds (Gänzle 
et  al., 1999), indicating that they might exhibit higher 
antimicrobial abilities if they are orally taken. The co-aggregative 
ability is another antagonistic probiotic activity which boosts 
pathogen agglomeration with probiotic cells and facilitates its 
elimination through feces (De Melo Pereira et al., 2018). In our 
experiment, L5, L7, L14, L19, L20, and L22 showed higher 
co-aggregation abilities (up to 90%) against all target pathogenic 
strains (Table  2), indicating that these LAB isolates can easily 
agglomerate with enteric pathogens and eliminate them. These 
results proved the considerable antipathogenic activity of these 14 
LAB isolates.

After oral administration, the probiotics will have to face all 
the antimicrobial factors in the stomach (pepsin, gastric acid, and 
low pH) and intestines (bile salts, trypsin, and high pH), as well as 
mild heat stimulus caused by the internal body temperature 

(approximate 37.5°C), which forces the probiotics must have acid 
and bile tolerance or other exclusion mechanisms to survive in the 
gut (De Melo Pereira et al., 2018). Previous studies revealed that 
the tolerant abilities of LAB strains are strain-specific (Liu et al., 
2020; Reuben et al., 2020). Similarly, in the present study, the 14 
selected LAB isolates showed varying survival rates (33 ~ 84%) 
after 3 h of low pH gastric acid-containing pepsin, followed by 4 h 
of high pH intestinal juice-containing ox-bile salts and trypsin, 
indicating their heterogeneous tolerance for bile salts and acidic 
gastric (Table 3). It is important to note that the survival rates of 
our LAB isolates in the simulated gastric acid and intestinal juice 
were up to 99.69 and 84.94%, respectively, which are higher than 
those of LABs in recent reports (Liu et al., 2020; Reuben et al., 
2020). This high tolerance allows them to survive longer, colonize 
in GIT environments, and keep effective when administered 
(Prasad et  al., 1998). Phenol, a kind of GIT secreted toxic 
metabolite that might inhibit the growth of probiotics, is another 
challenge that poses stresses to the ingested probiotics (Barbour 
and Vincent, 1950), which means the probiotic candidates must 
be able to endure the bacteriostatic action of phenol to exert the 
optimal beneficial effects on the hosts. In the present study, the 14 
LAB isolates exhibited varying degrees of tolerance (66 ~ 88%) for 
0.4% phenol at 37°C (Figure 2), which are also higher than those 
in the previous report (Shehata et al., 2016; Reuben et al., 2020). 
These results indicated that the six LAB isolates, L5, L7, L14, L17, 
L21, and L22, are able to survive in the GIT, which has a promising 
probiotic potential.

The ability of adhesion to intestinal cells is considered an 
essential criterion for probiotic selection (Collado et al., 2006; De 
Melo Pereira et al., 2018). The adhesion process to epithelial cells 
is complex, involves the membranes of both microbial and human 
cells, and depends on the chemical and physicochemical 
composition of the strain cell’s surface, affected by the strain 
extracellular components and their surrounding composition 
(Duary et al., 2011). Even though we did not directly explore the 
adhesion abilities of the 14 LAB isolates to epithelial cells in the 
present study, the auto-aggregation capacity and hydrophobic 
properties were evaluated to assess the adhesion abilities indirectly. 
The auto-aggregation ability ensures that the strains reach a high 
cell density in the gut, contributing to the adhesion mechanism. 
Previous studies reported that the LAB strains isolated from raw 
milk showed no or low auto-aggregation (Espeche et al., 2009, 
2012). However, in the present study, we showed that the auto-
aggregation at the 3rd h was moderate (< 50%), but they were up 
to 89% at the 24th h, which is much higher than those in the 
previous reports, indicating that the auto-aggregation of these 
LAB isolates increases with time. At the same time, hydrophobicity 
allows increased interaction between probiotics and host epithelial 
cells (De Melo Pereira et al., 2018). Hence, we also evaluated the 
hydrophobicity of the selected LAB strains in our study, and the 
results showed that L5, L7, L14, L17, L19, L20, and L21 possessed 
high hydrophobicity (up to 90%; Figure 3), much higher (80%) 
than those in a previous study (Sirichokchatchawan et al., 2018). 
Combined with the autoaggregation assessment results, it was 

FIGURE 4

The growth curves of the five most probiotic potential isolates. 
The optical density at 600 nm (OD600 nm) of the cultures. NC, 
sterile MRS medium. Error bars refer to the SD of the 3 replicates 
of each assay.
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concluded that L5, L7, L14, L17, L19, and L20 had high adhesion 
activities and were easily adherent to intestinal cells to exert their 
probiotic effects.

The first step to assessing the safety of probiotics is the 
identification (Yadav and Shukla, 2017), and strain-level 
identification was highlighted by the Natural Health Products 
Regulations (NHPR) for probiotic safety establishment in human 
health (Coeuret et al., 2004). In the present study, the 26 obtained 
LAB isolates were identified at the species level based on the 
biochemical and 16S rDNA sequencing results, and 13 of them 
were identified as Lactiplantibacillus plantarum, an ideal probiotic 
in the food industry (Seddik et al., 2017). Notably, these isolates 
showed huge variations in probiotic properties, although all of 
them belong to Lactiplantibacillus plantarum, indicating that they 
have different gene sequences in their non-16 S rDNA gene 
regions, which needs to be  further confirmed by genomic 
comparison. However, biochemical and genetic analyses are 
insufficient to compare probiotic bacteria at the strain level (De 
Melo Pereira et  al., 2018). In addition, it was expected that 
probiotic candidates must not lyse red blood cells when ingested 
by humans or animals. Hence, we also assessed the hemolytic 
activities of the 14 LAB isolates. Similar to previous studies 
(Santini et  al., 2010; Reuben et  al., 2020), none of them were 
hemolytic (Supplementary Figure 1). Furthermore, in this study, 
we detected the antibiotic susceptibilities of the selected 14 LAB 
isolates against 13 commonly used antimicrobials, and the results 
showed that the LAB isolates all had high sensitivity (> 60%) 
except for L2 (Table 5). Intriguing, all isolates were resistant to 
streptomycin, amikacin, gentamicin (except for 20), and 
vancomycin (except for L2), which is consistent with previous 
reports (Liasi et al., 2009; Reuben et al., 2020). It is supposed that 
the resistance against these four antimicrobials might be associated 
with LABs’ innate resistance caused by the membrane’s 
impermeability, probably through a resistance efflux mechanism 
(Liasi et al., 2009). On the other hand, the strain-specific molecular 
mechanism of this intrinsic antimicrobial resistance by these LAB 
isolates needs further in-depth study because this inherent 
resistance might promote both preventive and therapeutic 
outcomes when the probiotics are administered together with 
antibiotics (Jose et  al., 2015). Fortunately, all 14 isolates were 
sensitive to penicillin G, tetracycline, ampicillin (except for L2), 
amoxicillin (except for L2), and clarithromycin (except for L2), the 
five most commonly used antibiotics in humans. Combined with 
the results of biochemical and genotypic identification, hemolytic 
activities, and antibiotic susceptibilities, it could be concluded that 
these selected LAB isolates were safe for use except for L2.

Taken together with the results of these in vitro probiotic 
evaluation tests, five Lactiplantibacillus plantarum isolates, L5, L14, 
L17, L19, and L20, showed promising probiotic potential and were 
considered the probiotic candidates. These five isolates were isolated 
from distinct samples and showed varying probiotic properties, 
indicating their different gene sequences and biological features, 
which need further study. Mounts of probiotic cells and byproducts 
can be obtained by the selected LAB strains if they are cultured 

under a specific, controlled condition with ample nutrient supply 
(Kuznetsov et al., 2017). In the present study, the growth performance 
of the five selected probiotic isolates under the common condition 
(in MRS broth, at 37°C, pH = 6.2), different from the conditions in 
the gut or under industrial production, was also evaluated (Figure 4). 
Similarly, they showed different growth performances under the 
same condition. Interestingly, L20 showed an atypical growth curve, 
indicating that this condition might not be optimal. Hence, further 
studies need to be conducted to evaluate the growth performance of 
the selected isolates under different situations. It is important to note 
that these in vitro evaluations are not adequate to claim these LAB 
strains as probiotics, and further in vivo and clinical trials need to 
be carried out. In addition, even if the probiotic performance of these 
five candidates was proved to be relatively better by animal studies 
than those reported in some other manuscripts, it also needs to 
be  compared with those existing commercialized probiotics to 
confirm their better application potential in industrialization. 
Recently, Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR)-Cas 9, a newly developed and very promising gene-
editing tool, might enable us to efficiently edit the gene sequences of 
probiotic candidates to obtain ideal probiotics by knocking down 
their virulence genes or resistant genes with horizontal transfer 
capabilities, and overexpressing probiotic effect related genes 
(Sirichokchatchawan et al., 2018; Goh and Barrangou, 2019).

Conclusion

Cow milk contains massive bacteria and is important for 
probiotics isolation, especially LABs. In the present study, 
we obtained 26 LABs from raw milk collected from a farm whose 
milk had never been used for LAB isolation. The isolated LAB 
isolates were identified at the species level by biochemical and 16S 
rDNA sequencing methods. The probiotic properties of these 26 
LABs isolates were screened via several in vitro experiments, 
including antagonistic activity, co-aggregation ability with 
pathogens, tolerance for simulated GIT conditions and phenol, 
autoaggregation activity, cell surface hydrophobicity, hemolytic 
activity, and antibiotic susceptibility. Furthermore, four 
Lactiplantibacillus plantarum strains, named L5, L14, L17, and 
L19, showed comprehensive probiotic properties and 
considerable growth performance, which need to be  further 
confirmed via in  vivo studies and clinical trials. This study 
revealed the probiotic properties of LAB isolates collected from 
raw milk of a local feedlot and provided five LAB isolates with 
promising probiotic potential for application in the food and 
pharmaceutical industries.
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derived from cattle farm
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1School of Health Science and Engineering, University of Shanghai for Science and Technology,
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Safety of Agro-Products, MOA Laboratory of Quality & Safety Risk Assessment for Agro-Products

(Hangzhou), Institute of Quality and Standard of Agricultural Products, Zhejiang Academy of

Agricultural Sciences, Hangzhou, China

Shiga toxin-producing Escherichia coli (STEC) is an important food-borne

pathogen, which can cause diseases such as diarrhea, hemorrhagic enteritis,

and hemolytic uremic syndrome in humans. Twelve STEC isolates were

collected from beeves and feces of commercial animals in China between

2019 and 2020 for this study. In addition to the determination of serotype

and Shiga toxin subtype, whole-genome sequencing (WGS) was used

for determining phylogenetic relationships, antimicrobial resistance (AMR),

virulence genes, and sequence type (ST) of isolates. A total of 27 AMR genes

were detected, and each STEC isolate carried more than 10 AMR genes. Eight

STEC isolates from ground beef and four STEC isolated from feces were

screened. A total of seven serotypes were identified, and one isolate ONT:H10

was undetermined by SeroTypeFinder. Three O157:H7 strains were confirmed

and the remaining five serogroups were confirmed as O26:H11, O81:H31,

O105:H8, O178:H19, and O136:H12. The phylogenetic analysis showed that

STEC isolates of the same serotype or ST were clustered together based on

cgMLST. The comparison of the genomes of 157 STEC reference isolates

worldwide with our local STEC isolates showed that STEC isolates screened

in China represented various collections and could not form a separate cluster

but were interspersed among the STEC reference collection, which suggested

that several STEC isolates shared a common ancestor irrespective of STEC

serotype isolates. cgMLST revealed that isolates of the same O serotype

clustered irrespective of their H type. Further investigation is required to

determine the pathogenic potential of other serotypes of STEC, particularly

in regard to these rare serotypes.
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Introduction

Shiga toxin-producing Escherichia coli (STEC) is an

important food-borne pathogen causing zoonotic diseases. As a

subpopulation of diarrheagenic E. coli (DEC), STEC can result

in severe cases of disease such as hemorrhagic colitis (HC)

and hemolytic uremic syndrome (HUS). The pathogenicity of

STEC is associated with the production of Shiga-like toxins

(Stx) encoding either one or both of the stx1 and stx2 genes

(Gonzalez and Cerqueira, 2020). Since STEC was first described

in 1982, more than 400 different serotypes of STEC have been

identified, and research hotspots have focused on O157:H7

(Karmali et al., 2003). Moreover, several non-O157 serotypes

have been associated with sporadic cases and outbreaks, such as

O26, O45, O103, O111, O121, and O145, which were considered

as the top six non-STEC serogroups (Mathusa et al., 2010;

Amézquita-López et al., 2018).

In China, the outbreak of STEC was traced back in Xuzhou,

Jiangsu province in 1999, which led to 195 hospitalized

HUS patients and 177 deaths (Wang et al., 2011). The

traceability analysis revealed that the food was contaminated

by the fecal shedding of courtyard animals carrying STEC

O157:H7 (Xiong et al., 2012). Although the main reservoir

of STEC was considered to be cattle, there has been an

increase in non-bovine food-related outbreaks worldwide

(Smith et al., 2014). Some researches show that the STEC was

transmitted mainly through foods, such as raw poultry, fresh

vegetables, fruits, water, ground beef, and dairy products,

to humans (Smith et al., 2014). Various transmission

routes of STEC have been proposed, and the primary one

is presumably via consumption of contaminated food or

water (Parsons et al., 2016). However, some transmissions

are not clear. For epidemiologic purposes, several genetic

fingerprinting methods have been used to classify, trace,

and prevent the dissemination of STEC (Heir et al., 2000).

Pulsed-field gel electrophoresis (PFGE) and multilocus

variable-number of tandem-repeat (MLVA) have mostly

been applied in analyzing the molecular epidemiology of

STEC and proved to be reliable among the sequence-based

methods. However, low discriminatory power is exposed in

the methods of complex workflows, expensive reagents, and

time-consuming process.

The advances in next-generation sequencing in the past

decade have made it true to perform WGS of organisms,

including STEC at affordable costs (Joensen et al., 2014, 2015),

and there was an ever-increasing evidence demonstrating that

WGS was not only epidemiologic typing to detect and support

outbreak investigations but also to define transmission pathways

of pathogens and to reveal laboratory cross-contamination

(Keoser et al., 2012; Chattaway et al., 2016; Baha et al.,

2019). WGS data have the potential to provide powerful,

high-level phylogenetic analysis and to show insight into the

evolutionary background of the outbreak strains by using

quantifiable genetic differences (Baltasar et al., 2014; Mikhail

et al., 2018). For example, the comparison of 62 STEC

local isolates from Chile with STEC isolated from the rest

of the world by core genome multilocus sequence typing

(cgMLST) typing method showed Chile STEC did not cluster

with genomes of the rest of the world, suggesting local

STEC isolates and STEC isolated from worldwide were not

phylogenetical (Smith et al., 2014; Gutierrez et al., 2021) and

indicating STEC phylogeny was affected by the origin of

geographical isolation.

An earlier study described the diversity of Chinese E. coli

O157 obtained from different sources such as mutton, beef,

chicken, pork, and vegetable salad. Twenty-two pulsotypes by

PFGE and 23 types by MLVA were found, and this study

demonstrated the diversity among 30 STEC O157 isolates (Li

et al., 2015). However, other STEC serotypes have not been

studied in China. In this study, non-O157 STEC and O157

STEC were mainly isolated from cattle feces and ground beef in

China, and serotype, sequence type (ST), and virulence genes of

these strains were characterized. Furthermore, based on WGS

data, cgMLST analysis from STEC isolates screened by our lab

and National Center for Biotechnology Information (NCBI)

confirmed phylogenetic relationships among different STEC

serotypes found and suggested possibly high-risk foods causing

STEC. The comparison of these characteristics with those of

foodborne and clinical isolates around the worldwide could

provide some information for food safety risk assessment.

Materials and methods

Collection of STEC strains

Between 2019 and 2020, the STEC isolates used in this

study were isolated from animal food and feces in Shanghai. All

samples were collected in sterile sample bags and transported

in ice as soon as possible to the laboratory for immediate

processing. The enrichment method was modified from the

GB4789.6-2016 foodmicrobiological examination of Escherichia

coli (National Food Safety Standards of China). Briefly, 225ml

of sterile Tryptone Soya Broth was added to a sterile sample bag

with 25 g of each sample. Then, incubated at 37◦C for 16–22 h

on a shaking platform (200 rpm). Enrichment solutions were

inoculated into CHROMagarTM STEC plates (CHEOMagar,

Pairs, France). Discrete, strongly mauve colonies were picked

and streaked out on MacConkey agar (MAC) and sorbitol

MacConkey agar (CT-SMAC; Hopebio, Qingdao, China) for 18–

22 h (John et al., 2018). STEC was identified by using PCR for

the targeted genes wzxO157, stx1, and stx2 screening, as shown

in Table 1. All positive samples were further processed to obtain

pure stx-positive isolates (Boer et al., 2015).
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TABLE 1 Sequences of all primers and annealing temperature used in this work.

Primers Direction Sequence (5
′

-3
′

) Product

size (base)

Annealing

temperature

(◦C)

Reference

stx1 Forward AAATCGCCATTCGTTGACTACTTCT 370 58 GB4789.6-2016

Reverse TGCCATTCTGGCAACTCGCGATGCA

stx2 Forward CAGTCGTCACTCACTGGTTTCATCA 283 58

Reverse GGATATTCTCCCCACTCTGACACC

wzxO157 Forward CGGACATCCATGTGATATTGG 259 28

Reverse TTGCCTCTGTACAGCTAATCC

DNA extraction

Genomic DNA of STEC isolates was extracted from

overnight cultures using boiling. Briefly, 0.5 g of feces and 25 g of

food samples were added together into 225ml of lysogeny broth

(LB) and incubated at 37◦C for 18–24 h. The enrichment broth

(1ml) was centrifuged at 4,000 rpm for 2min, then centrifuged

at 12,000 rpm for 5min, and supernatant was removed. Finally,

200-µl sterile deionized water was added and boiled at 100◦C for

15 min.

Whole-genome sequencing

Whole-genome sequencing (WGS) using a 400-bp paired

end was performed on the STEC genomic DNA on an Illumina

Novaseq according to the manufacturer’s instructions. The

genomic DNA libraries were prepared using the TIANamp

Bacteria DNA Kit (Tiangen Biotech Beijing Co., Ltd., China).

The raw data were assembled using SPAdesv3.11.1 software

to obtain scaffolds sequences with default parameters, and

raw data were cleaned by Fastp (v0.19.4; number of bases

to average across: 4, average quality required: 20, fold

coverage was required to be >30 for the cleaned data)

(Bolger et al., 2014; Shifu et al., 2018).

Data analysis and molecular
characterization

The serotype of each STEC isolate was determined by

uploading the assembled genomes to the SerotypeFinder

2.0 (https://cge.cbs.dtu.dk/services/SerotypeFinder/) of the

Center for Genomic Epidemiology (CGE) website: the

threshold of identity was set to 85% and the minimum

length was set to 60%, VirulenceFinder 2.0 web-based

tool (https://cge.cbs.dtu.dk/services/VirulenceFinder/) was

used to determine virulence genes of each STEC isolates

in this study with the following parameters: the 90%

threshold identity and 60% minimum length. ResFinder

4.1 web-based tool (https://cge.food.dtu.dk/services/

ResFinder/) was used to determine AMR genes for each

STEC isolate with default parameters. The sequence types

(STs) were identified by uploading assembled genomes to

the MLST Finder (https://cge.cbs.dtu.dk/services/MLST/)

(Jaureguy et al., 2008).

Phylogenetic analysis of STEC isolates
based on cgMLST

To determine the phylogenetic relationship of the isolates,

a gene-by-gene approach was performed by SeqSphere (v3.1.1-

rc04, Ridom) and BLAST (v2.2.12) (Michaela et al., 2021).

The key parameters identity was 90% and aligned was 100%.

Briefly, a core genome MLST scheme was developed using

the genome of E. coli O157:H7 strain Sakai (accession no.

NC_002695; https://www.cgmlst.org/ncs/schema/8896773/) as a

reference genome and an additional eleven E. coli as query

genomes to extract open reading frames (ORFs) from the

genome of each isolate using MLST+ (v2.11.0+) of SeqSphere

(v3.1.1-rc04, Ridom). The genes shared by all isolates analyzed

were defined as the core genome for phylogenetic analysis. Loci

were detected by chewBBACA (https://github.com/B-UMMI/

chewBBACA), BLAST Score Ratio threshold was 0.8, and

the number of loci present in genomes was 95% (Jagadesan

et al., 2019). By default, a minimum spanning tree (MST) was

calculated based on loci, which were carried out using SeqSphere

(v3.1.1-rc04, Ridom).

The phylogenetic relationship of the STEC isolates of this

study with isolates of the STEC reference collection (n = 157;

Supplementary File 1) from NCBI was determined by cgMLST

method. The download criteria for raw data of reference

collection were as follows: (1) sequence depth cannot be lower

than 200×, and (2) sequence length in the range of 4.7–

5.5 M.
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TABLE 2 Prevalence of STEC isolates in cattle feces, lettuce, and ground beef samples.

Year Method Cattle feces (%) Lettuce (%) Ground beef (%) Total (%)

2019–2020 PCRa 9/204 (4.41%) 1/55 (1.81%) 0/30 (0.00%) 10/289 (3.46%)

Cultureb

confirmed

4/204 (1.96%) 0/55 (0.00%) 0/30 (0.00%) 4/289 (1.38%)

aSamples consists of stx1 or stx2 gene identified by multiplex PCR were considered to be positive.
bPCR positive samples were further cultured and at least one isolate was isolated by CHROMagarTM STEC agar.

Results and discussion

STEC detection and isolation

As shown in Table 2, 289 samples from cattle feces, lettuce,

and ground beef were tested during 2019–2020, 4.41% (9/204)

of cattle feces, 1.81% (1/55) of lettuce, and 0.00% (0/30) of

ground beef were stx1 and stx2-positive. Further, 4 STEC strains

were isolated from nine STEC-positive samples of cattle feces,

whereas no STEC strains were found in any samples of lettuce

that tested positive for STEC. The prevalence of STEC in cattle

feces was higher than the other samples, with a PCR-positive

rate of 4.41% and an isolation rate of 1.96%. Eight STEC strains

were isolated from ground beef earlier, and 12 STEC strains were

collected for this study. STEC has emerged as an important food-

borne pathogen, several reports indicated that STEC cases have

been transmitted to humans via food (Smith et al., 2014; Jenkins

et al., 2019; Mohammad et al., 2021). In this study, STEC isolates

were collected from cattle feces and ground beef in Shanghai,

China. The findings in this study supported that cattle carry

various serotypes (Monaghan et al., 2012).

The analysis of molecular
characterization

The serotypes of 12 STEC isolates were identified by

Serotypefinder software. In addition to the common serotypes

such as O157:H7 and O26:H11, other serotypes such as

O81:H31, O136:H12, and O105:H8 were isolated. However, an

unknown STEC serotype ONT:H10 was found, which may be

due to the incomplete coverage of the area involved in O-antigen

determination, resulting in the generation of unknown serotype

STEC. As a result, three O157:H7 strains were confirmed and the

remaining five serogroups were O26:H11, O81:H31, O105:H8,

O178:H19, and O136:H12. In this study, seven housekeeping

(adk, fumC, gyrB, icd, mdh, purA, and recA) genes were used

for MLST analysis, and seven STs were identified, as shown in

Table 3. Three O157:H7 were ST 11, four O136:H12 belong to

ST 329. O26:H11 clustered in ST 21, ONT:H10 clustered in ST

441, O178:H19 clustered in ST 192, O81:H31 clustered in ST101,

and O105:H8 clustered in ST 13.

A total of 20 virulence genes were detected among the

12 STEC strains. The distribution of virulence genes among

strains of different serogroups is shown in Table 3. Glutamate

decarboxylase-encoding gad gene and tellurium ion resistance

protein-encoding terC were the most widespread gene and were

detected in all strains. Other well-known virulence genes found

were as follows, with their distribution noted in parentheses: eae

which encodes intimin (33.3%, n= 4), astAwhich encodes heat-

stable enterotoxin (66.7%, n = 8), and ompT which encodes

outer membrane protease (75%, n = 9). Four isolates with the

combination of stx1 and stx2 as the most frequently detected

type were found. Three isolates O157:H7 and one O26:H11 with

stx1 and stx2 virulence genes were acquired, and the non-O157

serotype STEC isolated from ground beef with single stx2 was

found. This result was consistent with previous studies in China,

which reported that stx1 and stx2 were common in retail meat or

slaughterhouses (Leung et al., 2001; Li et al., 2015, 2016). All the

STEC obtained from 204 cattle feces were O136:H12 serotype

and only contained stx1 virulence gene. WGS characterization

of the isolates revealed that 12 isolates possessed AMR genes

that can confer resistance to at least six classes of antimicrobials.

As shown in Table 4, 27 AMR genes were detected, and each

STEC isolate carried more than 10 AMR genes, suggesting

that 12 STEC isolates may be multidrug-resistant. According

to the health outcome of reported confirmed human STEC

cases, serogroups O81:H31, ONT:H10 were classified to group

E indicating non-human only disease, serogroups O178:H19,

O105:H8 serotype were classified to group A/B/C indicating

a HUS-associated serotype (Hazards, 2013). All those STEC

isolates distributions indicated a higher diversity of serotypes in

cattle and revealed a potential threat to consumers.

cgMLST scheme

The cgMLST scheme including 3,152 cgMLST targets, 1,485

accessory targets (Supplementary File 2), and 567 low-quality

genes were filtered out. According to the cgMLST typing scheme,

based on genome typing with PanGen.py in the chewBBACA

tool, which uses Prodigal annotation, a total of 2,514 loci

were selected as cgMLST targets shared by 12 STEC and 2,586

loci were selected as cgMLST targets shared by 169 STEC
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TABLE 3 Sequence types and virulence genes detected by WGS in 12 STEC strains in this study.

MRL380001

Ground

beef

MRL380002

Ground

beef

MRL380003

Ground

beef

MRL380004

Ground

beef

MRL380005

Ground

beef

MRL380006

Ground

beef

MRL380007

Ground

beef

MRL380008

Ground

beef

MRL380009

Cattle

feces

MRL380010

Cattle

feces

MRL380011

Cattle

feces

MRL380012

Cattle

feces

Serotype O157:H7 O26:H11 O157:H7 O157:H7 ONT:H10 O81:H31 O178:H19 O105:H8 O136:H12 O136:H12 O136:H12 O136:H12

Sequence

type

ST11 ST21 ST11 ST11 ST441 ST101 ST192 ST13 ST329 ST329 ST329 ST329

astA + + + + – – – + – + + +

chuA + – + + – – – – – – – –

eae + + + + – – – – – – – –

ehxA + + + + – + – – – – – –

espF + + + + – – – – – – – –

espP – + + + + + + – – – – –

etpD + – + + – – – – – – – –

gad + + + + + + + + + + + +

hra – + + + – – – – – – – –

iss + + + + – – + + + + + +

nleA + + + + – – – – – – – –

nleB + + + + – – – – – – – –

nleC + + + + – – – – – – – –

ompT + + + + – – + – + + + +

stx1 + + + + – – – + + + + +

stx2 + + + + + + + – – – – –

terC + + + + + + + + + + + +

tir + – + + – – – – – – – –

traT + + + + + + – – + + + +

IpfA – – – – – – – – + – + –

+, detected; –, not detected.
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(Supplementary Files 3, 4). The MST was constructed based on

the loci for the analysis of phylogenetic relationship with default.

Phylogenetic comparison of STEC
isolates and reference collections

The number of locus differences in core genome MLST

minimum spanning tree ranged from 1 to 2,437 between 12

STEC isolates (Figure 1). Isolates of the same serotype are

clustered together, four O136:H12 (MRL380009, MRL380010,

MRL380011, and MRL380012) can be considered homologous

because of their small allelic differences. Figure 2 shows a

TABLE 4 Summary of resistance genes carried by STEC isolates.

Description AMR genes

β-Lactam resistance genes ompC,mdrA, oppA, ampG, arcB,

rtcB,mppA, arcA, ampH

Vancomycin resistance genes ddl,murG,mraY,murF, alr, vanX

Fluoroquinolones resistance genes emrB,MdtH, emrK, EvgA,MdtE,

AcrE

Nitroimidazole resistance genes MsbA

Peptide resistance genes PmrF

Aminoglycoside resistance genes BaeS,MdtB, tolC, cpxA

minimum spanning tree representing 12 STEC isolates from our

lab and 157 STEC reference collections (Supplementary File 1)

by cgMLST. In this study, STEC isolates representing various

serotypes collections and without forming a separate cluster

suggested that STEC isolates were phylogenetically related to

STEC reference collections, on the one hand. On the other

hand, epidemiologically related strains grouped together or

were even part of a clonal cluster as shown for strains

concurrently isolated from the farm. The top six non-STEC

serotypes O145:H25 and four local isolated STEC strains

O136:H12 clustered together, suggesting O136:H12 may be

pathogenic. In order to determine the relatedness between

different serotype STEC strains, the present study calculated

the allelic distances between strains ranging from 1 to 2532.

The greatest distances were observed between the O136:H12

and O145:H25. In addition, the same somatic antigen (O

antigen) and the different flagella antigen (H antigen) STECwere

divided into same lineages, such as O121:HNT, O121:H19 and

O111:NM, O111:H8.

Based on sequencing data and in silico analysis, STEC

isolates from our lab and STEC reference collection strains

revealed that the STEC isolates represented a heterogeneous

group. A minimum spanning tree was constructed by all

169 STEC strains based on cgMLST method illustrated that

STEC of the same serotype or ST were clustered together.

However, STEC strains of the same O serogroup were located

in the same phylogenetic clusters, isolates of the same H type,

FIGURE 1

Minimum spanning tree for 12 STEC isolates from 289 samples based on the 2,514 loci, a total of 7 serotypes, di�erent colors represent di�erent

serotypes.
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FIGURE 2

Minimum spanning tree for 12 STEC isolates from 289 samples and 157 STEC strains from NCBI based on the 2,586 loci, a total of 19 serotypes,

di�erent colors represent di�erent serotypes.

irrespective of their O serotype may not share a common

ancestor. This finding was not consistent with the results

from cgMLST typing analysis revealing H serogroups were

described as monophyletic, while O serogroups were described

as polyphyletic (Ju et al., 2012; Steyert et al., 2012; Ferdous et al.,

2016).

Several limitations existed in this study. Firstly,

STEC isolation and identification methods should be

further improved, because parasites in cow manure can

cause false positives during the initial screening process

(Ferdous et al., 2016). STEC strain false positives can

be decreased but not entirely eliminated by choosing

CHROMagarTM STEC plates, MacConkey agar, and

sorbitol MacConkey agar. The limited local STEC isolates

and lacking clinical isolates might have influenced the

reported diversity.

Conclusion

In conclusion, the results analyzing 12 isolates from

food sources and feces of commercial animals, indicated

a low prevalence of STEC in Shanghai, China. The

capability of WGS providing rapid data for identification,

serotyping, sequence typing, and virulence genes of STEC

strains compared with traditional methods was further

confirmed. STEC strains of the same O serogroup were

located in the same phylogenetic clusters, isolates of the

same H type, irrespective of their O serotype may not

share a common ancestor by cgMLST. The study revealed

that cgMLST typing method could be useful for outbreak

investigations of STEC strains. In addition, the data stemmed

from wide-ranging molecular characteristics with WGS

resolution could be used as an effective approach for

comparing with similar human, food, or animal isolates at

the international level.
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Spices are typically grown in climates that support the growth of toxigenic

fungi and the production of mycotoxins. The Aspergilli described in this

study, as well as the sterigmatocystin (STC) detected, are causes for concern

due to their potential to induce food poisoning. One of the most well-

known producers of the carcinogenic STC is Aspergillus nidulans. This

research explores the occurrence of STC-producing fungi in Foeniculum

vulgare, a spice that is marketed in India and other parts of the world.

This innovative study details the mycotoxigenic potential of five Aspergilli

belonging to Section Nidulantes, namely Aspergillus latus (02 isolates),

Emericella quadrilineata (02 isolates), and Aspergillus nidulans (01 isolate), with

respect to STC contamination. These five isolates of Aspergilli were screened

to produce STC on yeast extract sucrose (YES) medium in a controlled

environment with regard to light, temperature, pH, and humidity, among

other variables. The expression patterns of regulatory genes, namely, aflR,

laeA, pacC, fluG, flbA, pksA, and mtfA were studied on the Czapek–Dox agar

(CDA) medium. STC biosynthesis by the test isolates was done in potato

dextrose broth (PDB) under optimum conditions, followed by the extraction

and purification of the broth using ethyl acetate. High-performance liquid

chromatography (HPLC) with an ultraviolet (UV) detector was utilized to detect

compounds in eluted samples. F. vulgare contains Aspergilli that have been

shown to have mycotoxigenic potential, which can accumulate in the spice

during its active growth and thereby cause the elaboration of mycotoxins.

KEYWORDS

Aspergillus, sterigmatocystin (STC), food spoilage, mycotoxigenic, regulatory genes,
HPLC
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Introduction

Aspergillus is a genus of filamentous fungi that has grown
to comprise more than 250 different mold species (Houbraken
and Samson, 2011) across the world since it was first described
approximately 300 years ago. Some species of these mitosporic,
conidial fungi reveal teleomorphic forms and are hence
classified as part of the phylum Ascomycota (Bennett, 2010).
Aspergillus species are extensively employed by the medical
(Bladt et al., 2013) and industrial sectors (Polizeli et al., 2016)
for the applications of their beneficial secondary metabolites.
However, certain Aspergillus species are pathogenic to humans
(Alshehri and Palanisamy, 2020), animals, and birds (Arné et al.,
2021) and are also prolific producers of secondary metabolites
known as mycotoxins (Navale et al., 2021).

As the name suggests, mycotoxins are highly toxic
and produced predominantly by fungi such as Aspergillus,
Penicillium, and Fusarium (Liew and Mohd-Redzwan,
2018). They are frequently discovered in various foods or
feedstuffs, thereby posing a significant risk to human and
animal health, as well as economic losses caused by STC
contamination (Cardwell et al., 2001). This is a major food
safety issue for underdeveloped countries, where detection,
monitoring, and regulating procedures are often lacking to
protect the food supply from mycotoxins. The genes required
for secondary metabolite production in fungi are arranged in
gene clusters that encode key enzymes (Keller et al., 2005),
such as polyketide synthases, non-ribosomal polypeptide
synthetases, terpene cyclases, dehydrogenases, esterases, and
methyltransferases (Brakhage, 2013). Though gene clusters
are of enormous biological and economic importance,
information about their structure, function, and regulation
remains unclear.

The flowering plant Foeniculum vulgare Mill, often known
as fennel or saunf in Hindi, is a member of the Umbelliferae
(Apiaceae) family. It grows in the United States, Northern
Europe, Southern Canada, Asia, and Australia. It is a good
source of protein, fiber, vitamin A, thiamin, vitamin C,
and minerals, namely, calcium, iron, magnesium, manganese,
and fatty acids. Essential oils from fennel are utilized in
beverages, bread, pickles, pastries, and cheese. Well known
is their antioxidant, cryoprotective, estrogenic, hyperglycemic,
and hyper-protective properties (Javidnia et al., 2003; Samadi-
Noshahr et al., 2021). In addition, they contain anti-
inflammatory and anti-tumor properties (Malini et al., 1985)
and are used to treat bacterial, viral, fungal, mycotic, and
protozoan infections (Rather et al., 2016). Furthermore, there is
evidence that fennel may offer protection against cardiovascular
disease (Osman et al., 2017).

The annual fennel production in India was 58,265 tons
in 2010–2011 (Abubacker, 2011) and has increased to 139,760
tons during 2019–2020 (Anonymous, 2020a), indicating that
consumption is soaring. Fennel is grown in India and

exported to other nations. In 2018 and 2020, the range of
exports was between 2,35,62,460 and 2,02,95,380 million metric
tons (Anonymous, 2020b). The Ministry of Food Processing
estimates that poor scientific conditions, unhygienic harvesting
practices, and post-harvest procedures cost 93,000 crores of
Indian rupees (INR) in economic losses, of which fennel is one
(Moloney, 2019).

F. vulgare, like the majority of cereals and grains, is
susceptible to infection by a variety of mycoflora, some
of which can severely reduce the crop’s economic worth.
However, fungi from the Aspergillus and Penicillium genera
can thrive in low humidity and cause significant damage to
crops. Infections caused by Aspergillus spp. and several other
species have been of particular concern in recent years, as
all these fungal phytopathogens release hazardous mycotoxins
that cause substantial contamination of food (Navale et al.,
2021), feed (Variane et al., 2018), and agricultural goods,
namely, spices (Garcia et al., 2018). Spices (e.g., fennel seeds)
serve as an important ingredient in Indian cuisine (Siruguri
and Bhat, 2015). Toxic secondary metabolites produced
by contaminating mycoflora have a negative influence on
their quality.

Aflatoxins (AFs) are the most extensively researched
mycotoxins, and are primarily synthesized by Aspergillus
flavus and Aspergillus parasiticus. It has been shown
to be harmful to fetuses (Lauer et al., 2019), possibly
teratogenic, and the most carcinogenic substance in the
world, according to the International Agency for Research
on Cancer (IARC). STC is a highly mutagenic chemical that,
in substantial doses, is also a recognized liver carcinogen.
The IARC classified STC as a group 2B carcinogen,
indicating that it may cause cancer in people. No country
has defined a maximum permissible level for it because
of its infrequent natural occurrence, even though it is
exceedingly hazardous.

Studies on the model organism Aspergillus nidulans, which
produces the precursor of aflatoxin, namely STC, have led to
a greater understanding of the metabolic pathways involved
in the formation of AF (Brown et al., 1996). A. nidulans
reproduces predominantly through the formation of asexual
spores called conidia and produces the mycotoxin STC, the
penultimate precursor in the AF biosynthetic process, which
is found in related organisms like A. parasiticus, A. flavus,
and Aspergillus nomius (Cole and Cox, 1981). Both polyketides
are known for causing mammalian hepatocarcinoma (Bressac
et al., 1991), animal toxicity (Anderson et al., 1990; Balogh
et al., 2019) and are believed to be immune impairing to
infants as well as the aged (Cardwell and Miller, 1996). It
has been proposed that the STC potentially plays a part in
the development of chronic liver disease in human beings
in Africa (Cole et al., 2003). The toxic effect of STC is
modest, but the primary issue is that it can cause cancer; the
carcinogenicity is approximately one-tenth that of AFB1, which
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is a significant difference. STC structure is similar to AFs, in
that it is made up of a xanthone nucleus that is connected
to a bisfuran ring structure. STC is soluble in acrylonitrile,
benzene, chloroform, ethyl acetate, and acetone. However, it
is insoluble in water and petroleum ether. Many Aspergillus
species, namely, A. versicolor, A. nidulans, A. sydowii, and
various species of Bipolaris, generate STC. Mycotoxin gene
clusters from A. nidulans and A. parasiticus exhibit a high
degree of homology (Yu et al., 2004), which aids in the study of
AF/STC synthesis and regulation measures. In A. nidulans, the
expression of STC is controlled by an intricate network of genes
that are clustered together on chromosome IV around a 60 kb
DNA region. The cluster contains 25 genes that are involved
in the intricate processes necessary for the STC pathways to
function properly (Brown et al., 1996).

Aspergillus diversity, phylogeny, and mycotoxin-producing
potential in F. vulgare have not been previously reported
by researchers. In a recent research article (Mahata et al.,
2022), a detailed morphological identification of Aspergilli,
supported by molecular barcoding using ITS 1 and ITS 4
as well as β-tubulin as genetic markers (Tam et al., 2014),
has been published. Accurate identification of Aspergilli
has bridged the information gap on misidentification and
determining the STC-producing potential, to recognize
the significant danger associated with the consumption
of toxin-laden food and feed in humans and animals,
respectively.

This study aims to provide knowledge on the prevalence
of Aspergillus species producing STC, associated with fennel.
Aspergilli were examined on a mycological medium to
identify STC-producing isolates in the preliminary screening
procedure. The identification of genes involved in the
synthesis of toxins and the purification of mycotoxin
in the laboratory allowed us to assess the potential
toxigenicity of these species. As a result, this article
includes an inventory of potentially STC-producing
Aspergillus species belonging to the Nidulantes Section of
the Aspergillus taxonomy.

Materials and methods

Isolates of fungal species

In our analyses (Mahata et al., 2022), we procured 70
samples of an Indian spice, F. vulgare from several retail
marketplaces around India, namely, New Delhi, Lucknow,
Pinjore, West Midnapore, and Puducherry. The mycofloral
tests of Indian fennel samples were carried out using standard
agar plating techniques defined by the International Seed
Testing Association (ISTA). Aspergillus isolates were screened

by plating F. vulgare spice samples on mycological media that
included potato dextrose agar (PDA) and Czapek–Dox agar
(CDA) (HiMedia R©, Mumbai, India) by adopting techniques
described by researchers (Xie et al., 2007; Hamzah et al.,
2018). All the fungal flora of fennel samples were isolated
and identified using standard fungal manuals and keys
(Thom and Raper, 1945; Refai et al., 2014). A single-point or
three-point inoculation technique was used to inoculate the
isolates into glass Petri plates (100 × 15 mm, S-line, Borosil R©,
Mumbai, India). After 7 days of incubation, colony sizes,
coloration, textures, spore germination pattern, obverse and
reverse colonial color schemes, and the presence or absence of
ascomata (in older cultures kept for 15–25 days) were observed.
Besides this, the study of hyphal features such as septation,
vesicle morphology, conidiophore architecture, sterigmata
arrangement, and conidia development received special
attention. These microscopic characteristics of individual
Aspergilli were studied consecutively using light microscopy
(Olympus CH20i), scanning electron microscopy (SE; Hitachi,
Model E-1010), and differential interference contrast (DIC;
Nikon Upright Motorized Microscope, ECLIPSE Ni series,
Nikon Corporation, Tokyo) microscopy. By examining
microscopic characteristics as described in identification keys
and manuals, standard protocols were adopted (Thom and
Raper, 1945; Varga and Samson, 2008). Light and Scanning
electron micrographs (SEM) were acquired at the Fungal
Genetics and Mycotoxicology Laboratory, Department
of Microbiology and Central Instrumentation Facility
(CIF), Pondicherry University, while DIC micrographs
were documented at the Fungal Biotechnology Laboratory,
Department of Biotechnology, School of Life Sciences,
Pondicherry University.

Isolates of A. nidulans (Figure 1), E. quadrilineata
(Figure 2), and A. latus (Figure 3) were subjected to
in-depth research pertaining to the properties of their
macromorphological and micromorphological structures as
required in fungal taxonomic studies. Fungal stock cultures were
prepared and maintained at –20◦C. These macromorphological
features include 7-day colony development, coloration, and
textures on PDA and CDA media. Micromorphological
considerations, moreover, included microscopic analysis of
asexual and sexual phases of the Aspergillus life cycle.

The five Aspergillus isolates (Table 1) included in this study
(A. nidulans-01 isolate; E. quadrilineata-02 isolates; A. latus-
02 isolates) were isolated and identified by morphological
and molecular methods using the internal transcribed spacer
(ITS) and β-tubulin marker genes. The isolates inspected were
from one of our previously published research studies (Mahata
et al., 2022). Additionally, cultural features of E. quadrilineata
and A. latus on the Czapek–Dox agar medium, as well as
microscopic images of A. nidulans, E. quadrilineata, and
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FIGURE 1

(Continued)

A. latus, have been shown to aid in the morphological
identification process.

The ITS gene represents the Internal Transcribed Spacer.

FGM Laboratory-Fungal Genetics and Mycotoxicology
Laboratory; Pranab Kumar Mahata and Regina Sharmila Dass
identified, cultivated, and analyzed all fungal isolates.
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FIGURE 1

Aspergillus nidulans (Acc. No. MN791101) colonies, conidiophores, vesicles, metulae, phialides, conidia, asci and Hülle cells. (A,B) (Obverse)
Colonies cultured at 25◦C on PDA and CDA, respectively; (C) (CLM) hyphae and conidiophores; (D,E) (Reverse) colonies on PDA and CDA,
respectively; (F,G) (CLM) magnified view of conidiophores in development; (H) (CLM) conidiophore enlarged; (I) (CLM) Hülle cells; (J) (SEM)
mycelium, conidiophores and developing spores; (K) (SEM) young developing conidial head; (L) (SEM) mycelium and Hülle cell development;
(M) (SEM) Hülle cells; (N–P) (DIC) smooth walled, sinuate conidiophores and columnar conidial heads with small, hemispherical vesicles,
metulae, phialides and conidia; (Q) (DIC) rough, globose conidia; (R–T) (DIC) asci; and (U–W) (DIC) Hülle cells.—Scale bars: (J) = 100 µm;
(M,N,P–R,U,W) = 50 µm; (K,L) = 20 µm; (O,S,T,V) = 10 µm. (A–D,H,I,K–M,P,Q,T,W) were published in the first and correspondence authors’
recent research article (Mahata et al., 2022).
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FIGURE 2

(Continued)
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FIGURE 2

Aspergillus quadrilineatus/Emericella quadrilineata (Acc. No. MN791105) colonies, conidiophores, vesicles, metulae, phialides, conidia,
cleistothecia, ascospores and Hülle cells. (A,B) (Obverse) Colonies were cultured at a temperature of 25◦C on PDA and CDA; (C) (CLM)
conidiophores and development of spores; (D,E) (Reverse) colonies on PDA and CDA, respectively; (F) (CLM) conidiophores; (G,H) (CLM) the
formation of Hülle cells and Hülle cells; (I,J) (SEM) formation of Hülle cells; (K) (DIC) mycelium growth; (L,M) (DIC) conidiophores with smooth,
sinuate margins and short, columnar conidial heads with hemispherical vesicles, metulae, phialides, and conidia; (O) (DIC) conidia; (Q), (DIC)
ascospores having lenticular, smooth-walled ascospores; (P) (DIC) smooth-walled lenticular (unstained with cotton-blue) ascospores; (R) (DIC)
cleistothecium ruptured; and (S,T) (DIC) Hülle cells.—Scale bars: (I–K,R,S) = 50 µm; (L–Q,T) = 10 µm. (A,D,F,H,J,M,O,P,R–T) Were published in
the first and correspondence authors’ recent research article (Mahata et al., 2022).

Screening for secondary metabolites in
Aspergillus nidulans, Emericella
quadrilineata, and Aspergillus latus

Media
In the preliminary, each Aspergillus isolate was inoculated

in yeast extract sucrose (YES) (HiMedia R©, Mumbai, India) agar
culture medium, and a secondary metabolite production assay
for STC was performed.

Cultivation and fluorescence detection
All of the Aspergillus isolates that had been evaluated for

STC production were cultured in YES medium, incubated
for the appropriate incubation time, and assessed by UV
fluorescence detection (Fente et al., 2001) to confirm the
presence of STCs. The experiment was carried out by adding
2% β-cyclodextrin (HiMedia R©, Mumbai, India) to the medium.
The plates were incubated at 28◦C for 4 days. Upon examination
using ultraviolet radiation (365 nm), the development of
fluorescence in the agar medium around the Aspergillus colonies
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(Continued)
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FIGURE 3

Aspergillus latus (Acc. No. MN791110) colonies, conidiophores, vesicles, metulae, phialides, conidia, cleistothecia, asci, ascospores and Hülle
cells. (A,B) (Obverse) Colonies cultured at 25◦C on PDA and CDA, respectively; (C) (CLM) hyphae and magnified view of conidiophores in
development; (D,E) (Reverse) colonies on PDA and CDA, respectively; (F–H) (CLM) the growth of conidiophores and spores; (I) (CLM)
conidiophore; (J,K) (CLM) Hülle cells; (L,M) (SEM) conidiophores; (N,O) (SEM) Hülle cells; (P,Q) (DIC) smooth walled, sinuate conidiophores and
columnar conidial heads with small, hemispherical vesicles, metulae, phialides and conidia; (R,S) (DIC) conidia with a globose appearance; (T)
(DIC) asci bearing ascospores; (U) (DIC) ascospores lenticulares; (V,W) (DIC) Hülle cells; (X) (DIC) cleistothecium ruptured, having asci, and
enclosed by Hülle cells; and (Y,Z) (DIC) Hülle cells.—Scale bars: (L–N) = 100 µm; (O,T,X,Y) = 50 µm; (P,Q,U) = 20 µm; (L,R,S,V,W,Z) = 10 µm.
(A,D,I,K,M,Q,R,T,U,V,X,Z) Were published in the first and correspondence authors’ recent research article (Mahata et al., 2022).

TABLE 1 Aspergilli used in this study, ITS and β-tubulin gene sequences GenBank accession numbers.

Sl. No. FGM lab isolate code Genus/species Accession number (ITS) Accession number (β-tubulin)

1 45 A. nidulans MN309877 MN791101

2 49 E. quadrilineata − MN791104

3 58 E. quadrilineata − MN791105

4 4 A. latus − MN791110

5 11 A. latus − MN791111

TABLE 2 Primers sequences used.

Sl. No. Gene Primer sequence (5′–3′) Amplicon size (bp) References

1 aflR F: GCCATCCTGTCTCCGAATAC
R: CGAACCTCTACGACTGTCTTG

450 Delgado-Virgen and
Guzman-de-Peña, 2009

2 laeA F: GGTGACGATTTGTATAGTCC
R: CTCTTCATGAAACTGGTTTC

200 Delgado-Virgen and
Guzman-de-Peña, 2009

3 pacC F: GACTGACGGTATGACTTCTG
R: GTTGGCAATGTAGTTACGTA

250 Delgado-Virgen and
Guzman-de-Peña, 2009

4 fluG F: ACCCTAATGTTTATTTGGAT
R: TGGATAGGTCTGGTATAAGG

250 Delgado-Virgen and
Guzman-de-Peña, 2009

5 flbA F: TCCCTCAAATTCTCTCAATCGAACCGG
R: GTAGAATGACAGGTTTTCTTCGCAGA

250 Delgado-Virgen and
Guzman-de-Peña, 2009

6 pksA F: TTCTGCATGGGTTCCTTGGC
R: CCATTGTGGGCCGGTAAACA

300 Leema et al., 2011

7 mtfA F: GCCCTCACCCTCATCGGCAATG
R: GGTCGTGGTTCTGCTGGTAGGGTGT

250 Ramamoorthy et al., 2013
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was indicative of a preliminary positive result. All experiments
were carried out in triplicates. For the demonstration of their
STC-producing abilities, all isolates were grown in the CDA
medium to determine their gene expression profiles.

RNA-Seq and gene expression analysis

Conditions of growth
Each Aspergillus isolate was cultivated using the CDA

medium designed for STC-induction for a set period of time,
typically 7 days.

RNA total extraction
High-quality RNA was isolated using the Qiagen RNeasy

kit (QIAGEN India Pvt. Ltd., New Delhi, India) method
(following the manufacturer’s instructions). In order to
avoid genomic DNA contamination, DNase treatment and
purification processes were performed. RNA was measured
using UV-Vis, and its quality was tested using 260/280,
which showed that the purity was satisfactorily good (1.8–
2). The RNAs were also run on a 1% agarose gel, to assess
their purity.

Polymerase chain reaction primers

Reverse transcription-polymerase chain
reaction and polymerase chain
reaction-amplified gene expression

cDNA was produced utilizing the Bio-Rad iScript cDNA
synthesis kit (Bio-Rad Laboratories India Pvt. Ltd., Haryana,
India) (per the manufacturer’s instructions) using random
hexamers and oligo(dT) primers as follows: 5X Mix 10, 18 µL
of nuclease-free water, 2 µg RNA in 10 µL, and 2 µL of reverse
transcriptase. In a PCR cycler, the sample was incubated as
follows: 5 min of priming at 25◦C, 20 min of RT at 46◦C, and
1 min of RT inactivation at 95◦C.

The polymerase chain reaction (PCR) was performed
on a Bio-Rad thermocycler (Bio-Rad Laboratories India Pvt.
Ltd., Haryana, India) using all seven primers (Table 2) for
the Aspergillus isolates. The reaction volumes for real-time
polymerase chain reaction (real-time PCR) were fixed at
25 µL, which contained 2X PCR Master Mix (12.5 µL;
Thermo ScientificTM, Vilnius, Lithuania), forward primer
(1 µL), reverse primer (1 µL), cDNA (1 µL; 50 ng RNA
equivalent cDNA was used), and 9.5 µL of molecular biology
grade water (9.5 µL; HiMedia R©, Mumbai, India). The cycle
protocol included a 5 min denaturation step at 95◦C, 40
cycles of denaturation at 95◦C for 10 s, annealing at 55◦C
for 20 s, and extension at 72◦C for 1 min, following the
final extensions step for 10 min at 72◦C. To validate adequate
PCR amplification (Figures 4–8), the sizes of select isolates
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FIGURE 4

Electrophoretogram showing PCR amplification of transcribed
genes in A. nidulans (MN791101). Lane 1–100 bp DNA ladder,
Lane 2-Negative control PCR, Lane 3 through 9 includes
amplicons for the aflR, laeA, pacC, fluG, flbA, pksA, and mtfA
genes, sequentially.
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FIGURE 5

Electrophoretogram showing PCR amplification of transcribed
genes in E. quadrilineata (MN791104). Lane 1–100 bp DNA
ladder, Lane 2-Negative control PCR, Lane 3 through 9 includes
amplicons for the aflR, laeA, pacC, fluG, flbA, pksA, and mtfA
genes, sequentially.

related to STC-expression genes were determined using a 1%
agarose gel and a 100 bp DNA ladder (Thermo Fisher Scientific,
Vilnius, Lithuania).

Sterigmatocystin purification
All Aspergillus isolates were grown in a carbohydrate-

rich medium (containing D-glucose at a concentration of
20 g/L and potato infusion at a concentration of 200 g/L)
at 180 rpm on a rotary shaker (VDRL, Delhi, India) for
13 days, with a temperature of 23◦C. The cultures (2L) were
filtered in order to separate the mycelium from the broth.
The extraction and purification methods were adopted as
given by Han et al. (2020). The ethyl acetate was added
to the filtered broth and mycelium, followed by evaporation
in a fume hood (Ganapathy Industries, Karnataka, India)
to maintain the requisite level of dryness. The crude ethyl
acetate extract of broth (12.8 g) was then separated through
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FIGURE 6

Electrophoretogram showing PCR amplification of transcribed
genes in E. quadrilineata (MN791105). Lane 1–100 bp DNA
ladder, Lane 2-Negative control PCR, Lane 3 through 9 includes
amplicons for the aflR, laeA, pacC, fluG, flbA, pksA, and mtfA
genes, sequentially.
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FIGURE 7

Electrophoretogram showing PCR amplification of transcribed
genes in A. latus (MN791110). Lane 1–100 bp DNA ladder, Lane
2-Negative control PCR, Lane 3 through 9 includes amplicons
for the aflR, laeA, pacC, fluG, flbA, pksA, and mtfA genes,
sequentially.

a silica gel column and eluted using a gradient of petroleum
ether/acetone (in 50:1–1:1, v:v) and dichloromethane (from
50:1 to 1:1, v:v). The eluted samples were pooled for
HPLC analysis.

High-performance liquid chromatography with
ultraviolet detection

The use of reverse phase high-performance liquid
chromatography (RP–HPLC) was employed in order to
investigate the production of STC. The HPLC system with an
ultra-violet (UV) detector at 325 nm wavelength (Shimadzu
Corporation in Kyoto, Japan) and the stationary phase, C18
reverse phase column (Thermo Fisher Scientific, Vilnius,
Lithuania), 150 mm × 4.6 mm, 3 µm particle size, was utilized.
Each sample, including the STC standard, was produced
in an acetonitrile solution. The separation was achieved by
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FIGURE 8

Electrophoretogram showing PCR amplification of transcribed
genes in A. latus (MN791111). Lane 1–100 bp DNA ladder, Lane
2-Negative control PCR, Lane 3 through 9 includes amplicons
for the aflR, laeA, pacC, fluG, flbA, pksA, and mtfA genes,
sequentially.

chromatographic conditions, i.e., an isocratic mobile phase of
acetonitrile: Water (60:40) with a flow rate of 1.0 mL min−1,
column oven temperature of 30◦C, an injection volume of
10 µl, and a total run time of 30.0 min. The retention time
(tR) of the STC standard was determined to be 9.982 min. The
STC in samples was confirmed by comparing tR values with
those of the standard.

Results

The analysis of 70 different samples of F. vulgare led
to the isolation and identification of 14 distinct species of
Aspergilli, from across a number of geographical regions
in India. A very high incidence of Aspergillus niger was
recorded, followed by other Aspergilli species, namely A. flavus,
A. terreus, A. nidulans, A. tamarii, A. species, Emericella
quadrilineata, A. fumigatus, A. latus, A. aureoterreus, A.
awamori, A. brasiliensis, A. ochraceus, and A. sydowii, in
decreasing order. The above findings of a detailed phenotypic
and anatomical characterization of Aspergilli and authentication
using a molecular fungal barcode have been previously
published (Mahata et al., 2022).

Morphology and molecular biomarkers
of Aspergillus species

Following the phenotypic studies, five Aspergillus isolates
belonging to three distinct species categories were subjected to
detailed genetic analysis using the ITS gene of the ribosomal
DNA (rDNA) and for β-tubulin gene sequences for molecular
identification. The Aspergilli with their GenBank accession
numbers are presented (Table 1).
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TABLE 3 UV-visualization of Aspergillus isolates on β-cyclodextrin supplemented baseline culture media on the fourth day of incubation at 28◦C.

Genus/species Isolate/lab code Fluorescence on 2% β-cyclodextrin supplemented media

A. nidulans FOEVPRB45 Bright blue fluorescence

E. quadrilineata FOEVPRB49 Bright blue fluorescence

E. quadrilineata FOEVPRB58 Bright blue fluorescence

A. latus FOEVPRB4 Bright blue fluorescence

A. latus FOEVPRB11 Bright blue fluorescence

Toxicity assessment

All isolates were tested under UV light (365 nm) and the
incubation duration was 4 days on YES agar supplemented
with 2% β-cyclodextrin at 28◦C. The result was evidently
decisive, as fluorescence was detected after 4 days of incubation
for all sterigmatocystin isolates that were tested (Table 3).
The fluorescence displayed a light blue glow (Figure 9),
which served as a preliminary tool for toxicity assessment.
In parallel to this mycotoxin, other compounds produced
by Aspergillus isolates can exhibit blue fluorescence when
exposed to UV light; hence, in order to validate this hypothesis
in our investigations, additional genomic profiling and STC
purification tests were carried out.

Gene profiling

Total RNA was obtained from all five test isolates of
Aspergillus isolates. Agarose gel (1%) electrophoresis was
performed in order to detect 28SrRNA and 18SrRNA as distinct
bands (Figure 10). Seven genes of the STC biosynthesis cluster
were detected using PCR to examine their role in toxin
production. A. latus (02 isolates), E. quadrilineata (02 isolates),
and A. nidulans (01 isolate) are all known to have the potential
ability to produce STC among the species that were investigated.
A positive amplification pattern (Table 4) for all seven genes
tested was obtained for the A. nidulans FOEVPRB45 (Figure 4),
E. quadrilineata FOEVPRB49 (Figure 5), E. quadrilineata
FOEVPRB58 (Figure 6), A. latus FOEVPRB4 (Figure 7), and
A. latus FOEVPRB11 (Figure 8) isolates in our inquiry. This
led us to infer that a portion of the Aspergillus population has a
significant potential to contaminate F. vulgare with STC in India.

Aspergillus species sterigmatocystin
assay

Sterigmatocystin was detected by an HPLC-UV assay at
325 nm. The retention time with the names of the peaks for
the test isolates of Aspergilli is provided (Table 5). The retention
time (tR) was 10.120 min for A. nidulans FOEVPRB45 and
9.688 min for A. latus FOEVPRB4 (Figures 11–15).

Discussion

The culinary preparations in India place a significant
emphasis on the use of various spices (Siruguri and Bhat, 2015).
Ever since the beginning of time, people have been seasoning
their food with various spices. It is well known that F. vulgare
possesses pharmacological activities such as antibacterial, anti-
inflammatory, apoptotic, and anticancer activities, among
others. Despite these diverse roles, fennel is susceptible
to mycological degradation, continually being colonized by
mycoflora like Aspergilli, Curvularia, and Fusaria (Mahata et al.,
2022) during pre-harvest procedures, post-harvest losses in
the field and storage. The occurrence of Aspergillus species
on F. vulgare is the first sign of possible mycotoxin exposure.
Specifically, in India, fennel seeds are a widespread spice used by
the populace, which raises the risk of mycotoxin consumption
and adds to health hazards and complications. The study is
the first of its kind to detect the toxigenic gene clusters using
DNA-based assays in addition to STC detection and purification.
A total of 14 different types of Aspergilli have been isolated
and reported from F. vulgare (Mahata et al., 2022), and yet,
another study reported mycotoxigenic Aspergilli produced at
varying humidities and storage periods (Amadi and Adeniyi,
2009) to produce AFs, ochratoxins, and fumonisins. This seems
to be the issue with the toxigenic potential of these species and
environmental exposures that cause toxicity.

Mycotoxin contamination of seed crops caused by
Aspergillus spp. has been a challenge in all types of agricultural
commodities for a long time. Generally speaking, most spices
appear to be susceptible to fungal infection and consequently
mycotoxin contamination. Aflatoxin and STC contamination
of grain crops is a matter of concern as these mycotoxins are
carcinogenic in nature (Anonymous, 2013) and have been
detected in a variety of agricultural products (Kang et al.,
2022). Section Nidulantes encompasses numerous species
like A. nidulans, A. quadrilineatus, A. latus, and A. rugulosus
that are routinely encountered in the ecosystem, primarily
inhabiting the soil or decomposing plant debris (Domsch et al.,
2007). Closely related species of A. nidulans, A. versicolor,
and certain A. sydowii isolates have often been isolated from
stored grains, nuts, seeds, dried medicinal herbs, and other
foods and feeds (Pitt and Hocking, 2009; Hong et al., 2015). In
addition, homothallic species of A. nidulans, A. quadrilineatus,
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FIGURE 9

Fungal cultures of Aspergilli on yeast sucrose medium (YES), supplemented with β-methyl cyclodextrin, incubated at 25◦C and photographed
on the fourth day. The colonies of (A) A. nidulans (MN791101), (B) A. latus (MN791110), (C) E. quadrilineata (MN791105), (D) E. quadrilineata
(MN791104), and (E) A. latus (MN791111) fluoresced with a light blue glow under long wavelength UV light.

A. spinulosporus (Emericella echinulata), and A. rugulosus have
been mostly implicated in invasive infections (Yu et al., 2013;
Uhrin et al., 2015). In individuals with chronic granulomatous
illness, A. nidulans is more prevalent and virulent than in
other immunocompromised patients (Segal, 2009). A. nidulans
and A. quadrilineatus have also been linked to sinusitis,
endophthalmitis, and onychomycosis (Hubka et al., 2012;
Sharma et al., 2015). Cases of aspergillosis have been reported in
dogs and horses (Seyedmousavi et al., 2015), but these diseases
are rather rare in animals.

Ascomycete genomes encode an average of 40 biosynthetic
gene clusters that are essential for secondary metabolites (SM)
biosynthesis (Pusztahelyi et al., 2015). Genomic investigations
of Aspergilli indicate that each species contains about 39 and 80
biosynthesis gene clusters (Inglis et al., 2013). The gene cluster
required for STC biosynthesis in A. nidulans (Brown et al., 1996)

18S rRNA

28S rRNA 
      1                      2                     3                      4                      5 

FIGURE 10

The agarose gel electrophoresis images show that the total RNA
extracted from five different Aspergilli is comprised of two bright
bands that correspond to 28S rRNA and 18S rRNA. Lane 1-
A. latus (MN791111), Lane 2- A. latus (MN791110), Lane 3-
A. nidulans (MN791101), Lane 4- E. quadrilineata (MN791104),
and Lane 5- E. quadrilineata (MN791105).

has been identified and is known to share similarities with those
of Podospora anserina (Slot and Rokas, 2011).

The generation of natural products as a result of the
secondary metabolism of microbes and plants is affected
by a variety of environmental factors, namely, temperature,
humidity, light, pH, and the source of nutrients, among
other parameters. Consequently, this has been described as
temperature and nitrogen supply influence AF production in
A. parasiticus and STC synthesis in A. nidulans, but in distinct
ways (Feng and Leonard, 1998).

The fungal isolates used in our experiment were chosen due
to the fact that there is a serious cause for concern regarding
their toxigenicity and STC production. STC-producing
Aspergilli, namely A. latus (02 isolates), E. quadrilineata (02
isolates), and A. nidulans (01 isolate) were isolated from the
F. vulgare. Identification of the various species of Aspergillus is
an arduous task and has become even more challenging as a
result of the close species association. Data from the selective
media used for Aspergillus species cultivation, mycotoxin
processing, and various molecular tools are brought together
here for our better understanding. In our analysis, Aspergilli
characterization was derived from a combination of detailed
morphology (Figures 1–3) and molecular techniques (Table 1)
that is composed of two DNA barcode genes, ITS and β-tubulin.

Fungi from the Nidulantes section are commonly present in
foods and feeds destined for human and animal consumption.
Though some isolates produce STC, not all isolates are
producers, and this has motivated researchers to use screening
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TABLE 4 PCR amplification data for STC biosynthetic gene cluster.

Genus/species aflR laeA pacC fluG flbA pksA mtfA

A. nidulans FOEVPRB45 + + + + + + +

E. quadrilineata FOEVPRB49 + + + + + + +

E. quadrilineata FOEVPRB58 + + + + + + +

A. latus FOEVPRB4 + + + + + + +

A. latus FOEVPRB11 + + + + + + +

+: Amplicon positive, with the expected size of the target gene.

methods to identify fungal isolates that can produce mycotoxins.
In these processes, culture conditions with additives are used
to enhance the growth and detect fluorescence that is potential
STC producers. Once fluorescence was detected under UV light
on the fourth day of incubation, it seemed as a preliminary
determination of the toxigenic potential and unmistakably
decisive for every sterigmatocystin isolate tested. Further, the
addition of 2% β-cyclodextrin to the basal medium improved
the efficiency of fluorescence and STC detection (Figure 9)
on the fungal culture plates. Also, it has been established
through well-known studies that genes involved in secondary
metabolite production tend to cluster in fungal genomes (Keller
and Hohn, 1997). Formerly, methods for determining the
extent of actively transcribed loci included northern blotting
or reverse transcription-polymerase chain reaction (RT-PCR)
and evaluating the expression in secondary metabolite-inducing
vs. non-inducing settings. This strategy is viable for individual
clusters, as demonstrated for trichothecene toxins (Kimura
et al., 2003; Brown et al., 2004), lolitrem (Young et al., 2006),
fumonisins (Proctor et al., 2003), gliotoxin (Gardiner and
Howlett, 2005), sirodesmin (Gardiner et al., 2004), and others.

The AF and STC biosynthesis pathways are primarily
regulated by the aflR gene (regulatory gene for aflatoxin
biosynthesis) in A. flavus, A. parasiticus, and A. nidulans (Yu
et al., 1996b; Yu and Keller, 2005). The A. nidulans aflR gene
cluster is comprised of approximately 24 additional genes that
are directly or indirectly involved in the production of the AF-
related mycotoxin STC. It has been revealed that the protein
known as A. nidulans AflR (AnAflR) interacts with the promoter
regions of a number of AF and STC cluster genes (stc genes)
(Fernandes et al., 1998). Moreover, it was demonstrated that the
laeA gene, which is responsible for the loss of aflR expression, is
implicated in the universal regulation of AF, STC, penicillin, and
gliotoxin in numerous fungi.

A conserved filamentous fungus protein known as laeA (loss
of aflR expression A) is also known as a conserved virulence
factor in every pathogenic fungus that has been explored to
this date (Wiemann et al., 2010; López-Berges et al., 2013).
LaeA is a transcription factor that regulates the formation of
gliotoxin, fumagillin, fumigatin, and helvolic acid metabolites
in A. fumigatus (Keller et al., 2006). In A. nidulans, protein
laeA, a potential methyltransferase, is a master regulator of
secondary metabolism, which is essential for the expression

of aflR and other secondary metabolite biosynthesis genes
undergo chromatin remodeling (Bok et al., 2006; Patananan
et al., 2013). LaeA expression is negatively controlled in a unique
feedback loop by aflR, a STC transcription factor, as well as by
two signaling components, protein kinase A and RasA (Bok
et al., 2005; Sugui et al., 2007). They established that when
laeA is deficient, secondary metabolism and pathogenicity are
impaired. LaeA isolates contain hyphal pigments and play a
minor role in spore production, indicating that its primary
function is to regulate metabolic gene clusters (Bok and Keller,
2004). Additionally, laeA is necessary for the production of
light-dependent conidia, which requires the veA protein to be
in its native state (Sarikaya Bayram et al., 2010).

An important component of the circuit is pacC (pH-
responsive transcription factor) (Tilburn et al., 1995), a zinc
finger protein that activates alkaline-expressed genes while
inhibiting the expression of acid-expressed genes. An alkaline-
expressed gene in A. nidulans, isopenicillin N synthase (ipnA),
has been used to study the binding of pacC to the promoter.
In A. nidulans, a transcription factor called pacC modulates
the expression of acidic and alkaline-structural genes based
on the pH of the extracellular medium (Caddick et al., 1986;
Tilburn et al., 1995). Sequential proteolysis of pacC forms
the active form of the protein, PacC27, at an alkaline pH,
which positively influences the activation of alkaline genes and
negatively affects the regulation of acidic genes (Díez et al.,
2002; Arst and Peñalva, 2003). Proteolysis of pacC during
constitutive processing increases pathogenicity and promotes
invasive development (Bignell et al., 2005). It demonstrates
that both the pacC process and Pal-mediated pH signaling

TABLE 5 Detection of sterigmatocystin using high-performance
liquid chromatography (HPLC) with UV light at 325 nm and retention
time (tR) in minutes for the investigated isolates.

Genus/species Name of peak Retention time
(min)

A. nidulans FOEVPRB45 S1* 10.120

E. quadrilineata FOEVPRB49 S2* 09.982

E. quadrilineata FOEVPRB58 S3* 09.823

A. latus FOEVPRB4 S4* 09.688

A. latus FOEVPRB11 S5* 09.785

*Represents the S1–S5 peaks of Aspergillus STC at their retention times (Figures 11–15).
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FIGURE 11

HPLC chromatogram of A. nidulans (MN791101) producing sterigmatocystin, detected using UV light at 325 nm with retention time (tR) of
10.120 min.

FIGURE 12

HPLC chromatogram of E. quadrilineata (MN791104) producing sterigmatocystin, detected using UV light at 325 nm with retention time (tR) of
9.982 min.

FIGURE 13

HPLC chromatogram of E. quadrilineata (MN791105) producing sterigmatocystin, detected using UV light at 325 nm with retention time (tR) of
9.823 min.
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FIGURE 14

HPLC chromatogram of A. latus (MN791110) producing sterigmatocystin, detected using UV light at 325 nm with retention time (tR) of 9.688 min.

FIGURE 15

HPLC chromatogram of A. latus (MN791111) producing sterigmatocystin, detected using UV light at 325 nm with retention time (tR) of 9.785 min.

are essential for the promotion of pathological processes and
that constitutive pacC activation promotes virulence (Bignell
et al., 2005). The pathogenicity of A. nidulans is dependent on
pH signaling and the pH-responsive transcription factor pacC
(Bignell et al., 2005).

The fluG (fluffy) gene encodes a cytoplasmically localized
protein that is maintained at relatively constant levels
throughout the entire life cycle of A. nidulans (Lee and
Adams, 1994), synthesizes an extracellular factor, and drives
both development-specific processes and the stimulation of
flbA (fluffy with low brlA expression), which then inhibits
fadA (fluffy-autolytic dominant) signaling (Yu et al., 1996b).
Researchers looking into the early events that lead to conidiation
activation and STC synthesis in A. nidulans discovered six genes,
fluG (Adams et al., 1992; Seo et al., 2006), and flbA–flbE, that are
necessary for normal brlA activation (Wieser et al., 1994). Each
one of these genes can be mutated to produce undifferentiated,
fluffy colonies (Wieser et al., 1994). A. nidulans fluG mutants
are incapable of producing the secondary metabolite STC

(Hicks et al., 1997). The carbon and nitrogen sources, as well as
the pH of the medium, are among the most critical physiological
factors of AF/STC production in Aspergilli. In A. parasiticus,
simple carbohydrates such as glucose and sucrose promote AF
production, but in A. nidulans, STC is produced (Payne and
Brown, 1998). Additionally, while ammonium promotes the
biosynthesis of AF in A. parasiticus, it inhibits the formation of
STC in A. nidulans (Guzman-de-Peña et al., 1998).

FlbA and FadA were the first RGS-Gα (regulator of
G protein signaling-G protein α subunits) pair found in a
filamentous fungus. Together, they are essential for the upstream
control of hyphal growth, maturation, and secondary metabolite
biosynthesis (Yu et al., 1996a; Yu and Keller, 2005). When flbA
function is impaired, a fluffy-autolytic phenotype similar to that
generated by FadAd+ (fluffy-autolytic phenotype) mutant alleles
is produced (Yu et al., 1996a). A first A. nidulans regulator
of G protein signaling (RGS) protein, flbA, was identified
by the analysis of a fluffy-autolytic mutant. FlbA and FadA
are necessary for the expression of aflR, which encodes a
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transcription factor specific to the STC biosynthetic pathways.
Conidiation is genetically connected to STC biosynthesis in
A. nidulans (Hicks et al., 1997). When the flbA gene is deleted,
the aflR and brlA genes, as well as the consequent STC synthesis
and conidiation, are all negatively regulated (Hicks et al., 1997).

Two fatty acid synthases (FAS) enzymes and polyketide
synthase (pksA) combine to make the polyketide from a
hexanoyl beginning unit (NR-PKS, PksA). It was discovered
that fatty acid and polyketide synthases are responsible for
controlling the early steps of AF production (Watanabe et al.,
1996; Watanabe and Townsend, 2002). In A. nidulans, STC
production was also found to be dependent on FASs, which
were named stcJ and stcK (Brown et al., 1996). Gene disruption
experiments on A. parasiticus revealed that AF synthesis
requires the pksA genome (Chang et al., 1995).

Mutagenesis screening for novel VeA-dependent STC
regulators in A. nidulans led to the discovery of the nucleus-
based mtfA (master transcription factor A) transcription factor.
A recent transcriptome investigation of mtfA in A. nidulans
and A. fumigatus revealed its role in controlling the expression
of hundreds of genes, including secondary metabolite gene
clusters. In A. nidulans, mtfA regulates the production of STC,
penicillin, and terriquinone A (Ramamoorthy et al., 2013), and
other gliotoxins in A. fumigatus. This regulatory section includes
clusters essential for mycotoxin production (Lind et al., 2015),
some of which are known virulence factors (Coméra et al., 2007;
Kwon-Chung and Sugui, 2009). MtfA exerts its effect on STC
synthesis by modulating the expression of the STC gene cluster
activator aflR. Along with affecting secondary metabolism, mtfA
also has an impact on the development of A. nidulans both
asexually and sexually. Additionally, mtfA is needed to maintain
the proper development of sclerotia during conidiation.

Seven STC-linked genes were detected in the isolates tested
(Figures 4–8) in this investigation, indicating that these isolates
had positive amplification patterns for the STC gene cluster
(Table 4). With a flow rate of 1 mL min−1 during HPLC
analysis, the STC retention times (tR) for the A. nidulans
FOEVPRB45, E. quadrilineata FOEVPRB49, E. quadrilineata
FOEVPRB58, A. latus FOEVPRB4, and A. latus FOEVPRB11
isolates were 10.120 (Figure 11), 9.982 (Figure 12), 9.823
(Figure 13), 9.688 (Figure 14), and 9.785 (Figure 15) min.
Quantification was accomplished by analyzing the peak areas
of the STC and comparing them to those of the standard
(Supplementary Figure 1); in this particular instance, STC
employed for commercial purposes was purchased. The STC was
detected and confirmed from five different isolates of Aspergillus
using the HPLC-UV method. We were able to achieve separate
STC peaks as shown in the chromatograms (Figures 11–15).
Consequent to HPLC analysis, all five isolates tested positive and
were evaluated for their potential ability to produce STC under
optimal conditions of fungal growth. The HPLC-UV detection
method was utilized in a prior experiment that was carried
out by Marley et al. (2015) to look for STC contamination

in a variety of foods and beverages, namely, cereals, seeds,
livestock feed, dairy, and beer. This particular study reported
HPLC chromatograms of STC, with the UV detector configured
to 325 nm. STC was proven to have been detected in two
samples of light and dark beer by the HPLC-UV analysis, and
the presence of STC in the samples was validated by the HPLC
chromatograms. This discovery was made in a study that was
published in Veršilovskis et al. (2008). The level of STC found in
beer was proportional to the amount found in barley. A first and
effective HPLC-UV approach for determining STC production
by Aspergilli is suitable for the efficient, specific, and routine
analysis of STC production.

There are only a few accounts of STC occurring
spontaneously, despite the fact that fungi capable of making
STC are ubiquitous all over the world. In a focused study by
Tabata (2011), STC was not detected in harvested grains or
cheese but was found to be present in preserved products. STC
has been detected in oregano, up to 28.0 µg/kg from Turkey,
in thyme up to 14.0 µg/kg from Poland (Reinholds et al.,
2017), and in paprika, 18.0 µg/kg from South Africa (Motloung
et al., 2018). In another investigation, moderate quantities of
STC in black pepper and chili were detected in Sri Lanka at
49.0 and 32 µg/kg, respectively (Jacxsens and De Meulenaer,
2016). The discovery of these potentially toxic variants may
point to a possible presence of STC contamination of fennel
grown in India. The data suggest an enormous danger of STC
contamination in fennel, which can be worsened by unscientific
methods, poor technologies applied by small farmers, and
lack of temperature and humidity control during storage.
Nonetheless, Aspergillus species from the Nidulantes Section are
found in the Indian fennel analyzed in this study, highlighting
the necessity to monitor or implement measures to limit the
population’s STC intake. Accurate and timely identification
of toxigenic fungi and their respective toxin may open doors
for further research on STC contamination in fennel grown in
India. The study could serve as a template for further research
inquiries spanning different food groups. To this day, there has
been no research conducted on the sterigmatocystin potential
of Aspergillus produced from F. vulgare.

Conclusion

In conclusion, the various outcomes of our study indicated
that five Aspergillus isolates from the Nidulantes Section isolated
from F. vulgare in India were STC producers. This demonstrated
that fennel spice could harbor carcinogenic compounds, in
particular STC. Therefore, the potential cumulative toxicities
and synergistic action from these mycotoxins are major
concerns in terms of risk assessment. This report gives a
preliminary evaluation of the degree to which the spices may
be contaminated with Aspergilli, as well as their vulnerability to
fungal infection and STC production. In future, more research
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with larger, diverse samples of fennel, and other foodstuffs
should be conducted to ascertain the contamination levels
of STC and other possible mycotoxins present in spices, as
well as their associated consumer concerns. After harvest,
advancements in drying and storing procedures might restrict
fungal contamination and mycotoxin exposure, but consumers’
safety also relies on suitable storage environments and quality
standards at every stage of processing, packaging, or marketing.
In order to limit the risk of disease in humans and animals
in complex food chains, we emphasize the significance of
reliable tests and strict government policies and regulations on
permissible levels of mycotoxin, especially for spices.
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