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Abstract:

Both antibiotic resistance of bacteria and the ubiquitous presence of
mycotoxin contamination in animal husbandry become issues of global concern,
posing great threat to healthy breeding of livestock and food safety. The
fundamental solution of the difficult issue of antibiotic resistance should be
emphasis on seeking the external factors inducing antibiotic resistance in
food animal production. In our previous studies, the antibiotic—sensitive
Escherichia coli (E. coli) following the incubation with low concentration of
T-2 toxin for 6 days, showed resistance to antibiotics including colistin,
tigecycline and carbapenems and exhibited up to 512-fold increases in the MIC
(minimal inhibitory concentration) of tested antibiotics, indicating T-2 toxin
could induce PDR (pan—-drug resistance) in E. coli. Currently, data regarding
the relationship between mycotoxin and antibiotic resistance are not
available, so mycotoxin as a novel factor inducing antibiotic resistance
deserves our attention and exploration. In this project, we are going to
establish the model of MDR (multi-drug resistance) and PDR in E. coli and
study the resistance mechanism under T-2 toxin pressure. To establish the
model, method to induce resistance in E. coli by T-2 toxin in vitro will be
determined, and then resistance profile among the antibiotic-resistant E. coli
following T-2 toxin treatment will be analyzed. To study the resistance
mechanism under T-2 toxin pressure, the function and regulation of the
critical resistance determinants which involved in MDR ad PDR of E. coli will
be illuminated. The findings of the project would provide brand new insights
into prevention and control of antibiotic resistance and benefit the healthy
development of animal husbandry as the new fundamental theory.

R@gE (HA52T0) . K& o il SWERES KRBT RS, Zi2iryis, 2
HL R 25 PR LT

Keywords (HH4r54FF) : livestock; molecular mechanisms; antibiotic resistance
in Escherichia coli induced by mycotoxin; mechanism of pan—drug
resistance; mechanism of multi—-drug resistance
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Abstract:

The mildew of feed materials is very harmful to pig industry. The vomitoxin (DON)
produced by fungi is seriously polluted, and is very difficult to control from the
source. Previously, a probiotic strain, Slackia sp. D-G6 (D-G6), without cytotoxicity,
hemolysis and tissue damage, was isolated. The whole genome sequences and metabolic
experiments showed that D-G6 had the ability of DON de-epoxidation and S-EQL production.
Mice experiments showed that it could not only improve its resistance to DON, but also
improve intestinal microbiota. Based on the previous studies, we speculated that the
enzymatic and probiotic function of D-G6 may be synergistically involved in the
detoxification of DON. In order to verify this hypothesis, we first study the safety,
detoxification efficiency, intestinal microbiota regulation, intestinal barrier
protection, DON degradation and S—EQL production of D-G6 in pigs. Then, using metabolic
enzyme screening technology to screen and identify the key enzymes of DON de—epoxidation
and reveal its enzymatic mechanism. Finally, using single function inhibition and fecal
bacteria transplantation strategies to reveal the synergistic detoxification mechanism of
D-G6 on DON in the intestine of pigs. Relevant results are of important theoretical and
application value to the development of DON bio—detoxification probiotics
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Abstract:

Mycotoxins produced during feed mildew are important factors causing poisoning and even
death of livestock and poultry. The present situation of mycotoxins contamination in
China is severe, and there is a lack of molecular mechanism research and effective
prevention and control methods for its poisoning of livestock and poultry. Therefore, we
will focus on deoxynivalenol (DON) — the widely polluted mycotoxins in Guangdong
Province, choose pig — the most sensitive species to DON in the breeding industry, as the
research object, and take the primary target organ intestine as the breakthrough point.
Firstly, we will reveal the molecular mechanism of DON induced intestinal injury in the
pigs, and clarify the key toxic pathways and targets. Secondly, we will study the changes
of gut microbiota under the pressure of DON, and reveal the relationship between DON
induced intestinal lesions and gut microbiota changes. Thirdly, we will explore the
relationship between DON-induced intestinal injury/gut microbiota changes and
emesis/anorexia, so as to clarify the pathogenic mechanism — “DON-intestine-intestinal
microorganism-emesis and anorexia” . Based on pathogenic mechanism research, we will then
screen antagonists and probiotics, so as to explore new prevention and control strategies
from three levels including detoxification, interruption and protection. This project
will help prevent and control the harm of DON to pig breeding industry and promote the
healthy development of livestock and poultry breeding in South China and even in China.

KetiE (599D M WrkaZE, &E BURbUHEL; Bivs g

Keywords (FH4r54FF) : pig; vomitoxin; toxicology; pathogenic
mechanism; prevention and control strategies
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Role and mechanism of the outer membrane porin LamB in T-2
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HIGHLIGHTS

e T-2 mycotoxin promotes the formation
of antibiotic-resistant bacteria (ARB).

e T-2 mycotoxin can traverse prokaryotic
cell membranes via LamB.

o T-2 mycotoxin reduces E. coli membrane
permeability by downregulating LamB.
e lamB mediates the extensively drug-
resistant (XDR) phenotypes in E. coli.

e Substrate-specific porin LamB is crucial
for the uptake of last-resort antibiotics.
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GRAPHICAL ABSTRACT

ABSTRACT

The influence of mycotoxins in ecological niches shared with antibiotic-resistant bacteria (ARB) remains
underexplored. This study examined the impact of T-2 mycotoxin on the evolution of antibiotic resistance in
Escherichia coli, highlighting the role of specific porins. Our findings revealed that exposure to 10 ng/mL of T-2
toxin induced multi-drug resistant (MDR) phenotypes in three E. coli. At 10> ng/mL, T-2 toxin caused E. coli
ATCC 25922 to develop stable resistance to 13 critical antibiotics, with minimum inhibitory concentrations
(MICs) increasing 16- to several thousand-fold. This resistance was linked to the downregulation of the mal gene
cluster. Notably, T-2 toxin reduced membrane permeability by downregulating lamB, facilitating its own entry
and reducing the intracellular accumulation of both the toxin and antibiotics, thereby enhancing resistance
development. LamB mediated the XDR phenotypes in E. coli, particularly by blocking last-resort antibiotics such
as cephalosporins, carbapenems, tigecycline, and colistin, complicating treatment strategies. LamB demonstrated
high binding affinities for T-2 toxin and various antibiotics, with specific binding sites identified for meropenem
(Arg134), imipenem (Ser148, Argl70, Lys129), ceftazidime (Phel06, Lys129), and cefepime (Tyr66, GIn267,
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Lys269), exhibiting binding energies of —2.93, —2.58, —2.53, and —4.3, respectively. These findings suggest that
even low levels of T-2 mycotoxin pose a substantial public health risk. They underscore the urgent need to
address these contaminants and open new avenues for antibiotic resistance research.

1. Introduction

Bacterial antibiotic resistance has emerged as a critical global threat
to both environmental safety and public health, with the World Health
Organization (WHO) identifying it as one of the top ten public health
threats worldwide. The US Centers for Disease Control and Prevention
(CDC) lists carbapenem-resistant Enterobacteriaceae and third-
generation cephalosporin-resistant Enterobacteriaceae as “urgent
threat” (highest priority) to human health [1]. Infections caused by
extensively drug-resistant (XDR) or pan-drug-resistant (PDR) bacteria,
particularly those resistant to carbapenems, tigecycline, and colistin,
present significant treatment challenges, as many traditional antibiotics
are ineffective, leaving few or no viable therapeutic options [2].

One of the primary mechanisms by which bacteria acquire extensive
drug resistance is through the production of hydrolytic enzymes and the
alteration of membrane proteins to degrade antibiotics or prevent their
entry into the cell. Key hydrolytic enzymes and membrane proteins
involved in XDR bacteria included p-lactamases [3], carbapenemases,
efflux pumps, and porins [3-5]. The downregulation or functional loss of
porins, such as OmpF and OmpC, has been linked to resistance to
B-lactams and fluoroquinolones in E. coli [4,5]. The EnvZ/OmpR
two-component regulatory system further modulated porin expression,
influencing resistance in pathogens like Salmonella enterica [6].

Current XDR studies mainly focus on hydrolytic enzymes and non-
specific porins, with less emphasis on specific porins [7,3-5]. Specific
porins, generally involved in transporting particular nutrient substrate
molecules [7,8], have also been studied for their roles in resistance. For
instance, overexpression of specific porin gene phoE restored sensitivity
to carbapenems in Klebsiella pneumoniae [8]. Similarly, the trimeric
porin LamB, involved in the transport of maltose and maltodextrins [9],
has been increasingly linked to fosfomycin resistance in E. coli [10] and
ceftazidime-avibactam resistance in K. pneumoniae [11]. Omics analyses
indicate that the LamB metabolic pathway affected antibiotic uptake
[12]. However, there are few studies on specific porins, which could
provide deeper insights into extensive drug resistance and warrant
further investigation.

As emerging pollutants, antibiotic-resistant bacteria (ARB) are
widespread in communities and natural environments. Other pollutants
such as disinfectants [13] and nanoplastics [14] can promote resistance
gene dissemination by altering bacterial physiology and gene expres-
sion, with long-term exposure potentially leading to adaptive resistance
mechanisms and increased public health risks [15].

Mycotoxins are significant environmental contaminants with pro-
found implications for the toxicity of eukaryotic cells and their hosts
[16,17]. Among them, T-2 toxin, produced by various Fusarium species,
was one of the most toxic trichothecenes [18]. Known for its stable
physicochemical properties, T-2 toxin was commonly found in grains,
animal feed, and the environment [18,19]. Epidemiological studies [20,
21] have linked T-2 toxin exposure to Kashin-Beck disease, an endemic
osteoarthropathy.

T-2 toxin’s impact on eukaryotic cell membranes and oxidative stress
[19], along with its coexistence with ARB in shared niches, suggests it
may trigger adaptive bacterial responses, influencing resistance devel-
opment. Given the growing prevalence of XDR Enterobacteriaceae and
the lacking understanding of how mycotoxins influence bacterial resis-
tance, this study aims to investigate the role of T-2 toxin in promoting
resistance in E. coli. Specifically, we explore how T-2 toxin affects the
outer membrane and specific porin LamB, as well as the underlying
mechanisms that contribute to adaptive changes leading to an XDR
phenotype. By elucidating the interaction between T-2 toxin and

bacterial resistance, this study seeks to deepen our understanding of the
potential toxicity of environmental pollutants and provide novel insights
into strategies for combating antibiotic resistance.

2. Materials and methods

2.1. Serial induction of E. coli by T-2 Toxin and assessment of
antimicrobial susceptibility

Different concentrations of T-2 toxin (10~° ng/mL, 10 ng/mL, and
200 ng/mL) were used to continuously induce E. coli, including the
ATCC 25922 strain and three antibiotic-sensitive strains isolated from
lakes in Guangzhou, China, in 2018. Each strain was inoculated into LB
broth and exposed to one of these concentrations, with the broth
refreshed every 12 h. This induction process was repeated 21 times.
These concentrations are well below the 500 pg/kg limit set by the
Chinese national standard "Feed Hygiene Standard (GB 1308-2017)."
The minimum inhibitory concentrations (MICs) of various antimicro-
bials were determined using the broth dilution method recommended by
CLSI (2023).

2.2. Transcriptome analyses of E. coli strains

RNA samples were extracted using EASYspin Bacterial RNA Rapid
Extraction Kits (Aidlab Biotech, China) and sequenced at Suzhou Jin-
weizhi Biotech on the Illumina NovaSeq 6000 platform with a 150 bp
paired-end module. RNA-seq data were assembled using Rockhopper
(version 2.03), facilitating transcript reconstruction and boundary pre-
diction with the Nt, Nr, KEGG, Swissprot, and eggNOG databases.
BLASTX and BLASTN results were filtered with an E-value < le-5 and
bitscore > 60, selecting the best hit for functional annotation. All
sequencing data were analyzed using DNASTAR Lasergene software,
with ATCC 25922 as the reference. Enrichment analysis of differentially
expressed genes was performed using KOBAS (V2.0) [22].

2.3. Liquid chromatography-mass spectrometry (LC/MS) method for
determining intracellular T-2 toxin

Intracellular T-2 toxin levels were measured after 48 h of incubation
in LB medium with a final T-2 toxin concentration of 1 pg/mL. Chro-
matography was performed on an ECLIPSE PLUS C18 column (100 x
2.1 mm, 1.8 ym). The mobile phase consisted of 5 pM ammonium ace-
tate (A) and 100 % methanol (B). The analysis was conducted in positive
ion mode with a gas temperature of 300 °C and a gas flow rate of 5 L/
min. Detection procedure parameters were detailed in Supplementary
Table S1. The column temperature was maintained at 35 °C with an
injection volume of 5 pL. In the MS section, positive ion mode was
employed using a Dual AJS ESI ion source, with a drying gas tempera-
ture of 300 °C, a drying gas flow rate of 8 L/min, a nebulizer pressure of
45 psig, a sheath gas temperature of 350 °C, and a sheath gas flow rate of
10 L/min.

2.4. Real-time quantitative PCR

qPCR was performed using Hieff UNICON® Universal Blue and
Hieff® (No Rox) qPCR SYBR Green Master Mix Kkits, following the
manufacturer’s protocols for RNA reverse transcription and fluorescence
quantification. The primers used were listed in Supplementary Table S2.
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2.5. Construction of lamB overexpressing and knockout mutants

Primers for the lamB gene were designed from ATCC 25922 genomic
sequences with restriction sites for pBAD24 cloning. The lamB fragment
was ligated into pBAD24 and transformed into E. coli DH5a. For the lamB
knockout, A-Red recombination with plasmids pKD3, pKD46, and pCP20
was used. Detailed experimental procedures and parameters were pro-
vided in Supplementary material M1. The primers utilized for mutant
construction were detailed in Supplementary Table S2.

2.6. NPN detection of bacterial outer membrane permeability

Strains were cultured overnight in LB broth at 37 °C, then resus-
pended in PBS to an ODgq of 0.5 after centrifugation. NPN (N-phenyl-1-
naphthylamine) was added to a final concentration of 10 pg/mL, mixed,
and incubated for 60 min. Fluorescence intensity was measured at 350
nm excitation and 420 nm emission.

2.7. Docking simulation of LamB with substrate molecules

The tertiary structure model of LamB was constructed online using
RCSB PDB software. In AutoDock (version 4.2), the grid dimensions for
docking LamB were set to 74 x 98 x 116 for T-2 toxin, 126 x 122 x 126
for meropenem, and 126 x 126 x 126 for other antibiotics. Docking
parameters were: Number of GA runs: 100; Population size: 150;
Maximum number of evaluations: 2500,000; maximum number of
generations: 27,000; Rate of gene mutation: 0.02; Rate of crossover: 0.8.
The binding site with the lowest binding energy was identified as the
potential binding region for LamB and the substrate. PyMOL software
analyzed the interactions, identifying potential amino acid residues

Journal of Hazardous Materials 480 (2024) 136437

involved.

2.8. High performance liquid chromatography (HPLC) detection of
antibiotics

The antibiotics were added to the bacterial strains and incubated for
12 h at 37 °C: the control group (ATCC 25922 and 259227) and the
experimental group (25922-/\lamB and 259227-lam.B+), each treated
with 10 pg/mL of ceftazidime and cefepime. Cell lysis was performed via
sonication. Ceftazidime detection followed the 2020 Chinese Pharma-
copoeia protocols, using octadecylsilane-bonded silica as the stationary
phase and a mobile phase of acetonitrile, phosphate buffer, and water.
Cefepime detection used a mobile phase of phosphate buffer and
acetonitrile. Both antibiotics were detected at 254 nm. Detailed exper-
imental procedures and parameters were provided in Supplementary
material M2.

3. Results and discussion
3.1. T-2 Toxin induced pandrug-resistant (PDR) phenotype in E. coli

To characterize how T-2 toxin affects the evolution of bacterial
antibiotic resistance, we conducted antimicrobial susceptibility tests on
four antibiotic-sensitive E. coli strains exposed to three concentrations of
T-2 toxin. At 200 ng/mL, MICs for some antibiotics remained un-
changed, while others showed irregular changes. At 10 ng/mL and 10>
ng/mL T-2 toxin exposure, strain E44’s MICs remained largely un-
changed, with irregular changes for a few antibiotics.

At 10 ng/mlL, strains E1 (Supplementary Fig. STA) and E26 (Fig. S1B)
developed significant and stable resistance to six antibiotics. ATCC

Fig. 1. Changes in MIC (A) of ATCC 25922 over time under T-2 toxin exposure, along with growth performance (B) and intracellular accumulation of T-2 toxin
quantified by LC/MS (C). From the 7th induction, ATCC 25922 resisted all 13 tested antibiotics. Only the MIC values for representative antibiotics were shown in (A);

refer to Table S3 for others.
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25922 exhibited significant resistance to certain antibiotics (Fig. S1E).
At 107° ng/mL, E1 (Fig. S1C) and E26 (Fig. S1D) maintained similar
resistance patterns, though the extent varied from those at 10 ng/mL.
Notably, at 107> ng/mL, ATCC 25922 developed high-level resistance to
all 13 tested antibiotics, presenting a PDR phenotype. Only represen-
tative MIC values were listed in Fig. 1A; refer to Table S3 for others.
Specifically, the strain obtained after the 7th induction (designated
259227) showed a 16-fold increase in tigecycline MIC and a 32- to
several thousand-fold increase in MICs for 12 other antibiotics,
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including colistin, carbapenems, and cephalosporins, compared to ATCC
25922. However, the strain obtained after the 6th induction (25922%)
remained susceptible (Fig. 1A, Table S3).

We assessed the growth profiles of the strains induced in the 6th and
7th cycles, along with the wild-type strain. Our findings revealed no
significant differences across the four phases of the bacterial growth
curve among these strains (Fig. 1B), suggesting that T-2 toxin did not
adversely impact the normal growth of E. coli.

LC/MS analysis revealed that exogenous T-2 toxin can undergo

Fig. 2. Transcriptomic Analysis. (A) Volcano plot of differentially expressed genes (DEGs) (p < 0.05); red indicated upregulation, blue indicated downregulation. (B)
GO bar chart; x-axis: number of DEGs. (C) Relative abundance of DEGs (Wilcoxon P < 0.01); light to dark blue indicated high to low abundance. 25922: Wild-type

strain. A6 and A7 abbreviate 25922° and 259227, respectively.
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transmembrane transport within bacterial cells (Fig. 1C). To our
knowledge, there have been no previous reports documenting myco-
toxin transmembrane transport in bacteria. In E. coli strains, the intra-
cellular accumulation of T-2 toxin decreased with repeated induction
treatments. Specifically, the intracellular T-2 toxin levels in strain
259227 were reduced by threefold compared to ATCC 25922. This in-
hibition likely results from alterations in the structure or function of
membrane transport factors, thereby affecting the uptake of T-2 toxin by
the bacterial cells.

Bacterial resistance often arises as a physiological adaptation to
adverse conditions. Under stressors such as membrane pressure, nutrient
scarcity, and reactive oxygen species (ROS), bacteria activated stress
response mechanisms that enhanced their resistance. This was charac-
terized by decreased membrane permeability and altered efflux pump
activity [15,23,24], both of which affected antibiotic sensitivity. Com-
bined exposure to the antidepressant duloxetine and the antibiotic
chloramphenicol significantly increased the mutation frequency and
antibiotic resistance in E. coli [25]. This synergy enhanced the expres-
sion of efflux pump genes and oxidative stress responses, accelerating
the evolution and spread of antibiotic-resistant bacteria in the gut
microbiota. Additionally, widely used in cleaning products and plastics,
triclosan accelerated resistance evolution in opportunistic pathogen
K. pneumoniae, increasing resistance to ciprofloxacin, fosfomycin, and
cefotaxime by 4 to 16 times [4,5]. Our research confirms T-2 toxin
exposure, particularly at 10> ng/mlL, significantly promoted bacterial
antibiotic resistance, including to clinically critical antibiotics.

3.2. Downregulation of mal membrane protein genes under T-2 toxin
exposure

To elucidate how T-2 toxin promotes bacterial antibiotic resistance,
we compared the gene expression profiles of the wild-type strain, the
critically susceptible strain 259225, and the PDR strain 25922 Signif-
icant differences in gene expression levels were observed among these
strains (Fig. 2, Tables S4 and S5). Compared to the ATCC 25922, 259227
showed 11 upregulated and 58 downregulated genes, while compared to
25922°, it had 51 upregulated and 102 downregulated genes (Figs. 2A,
2B). The most significantly differentially expressed genes (DEGs) be-
tween 259227 and 25922°%, as well as ATCC 25922, were listed in
Tables S4 and S5. A commonality in the comparisons was the consistent
downregulation of genes such as maltose/maltodextrin transport-
related proteins, tryptophanase and peptidyl-arginine deiminase, sug-
gesting their role in cellular adaptation to T-2 toxin exposure. In
contrast, stress response-related genes like heat shock protein IbpB and
hydrogenase nickel incorporation protein HybF were notably down-
regulated in the comparison between 25922°% and 259227, possibly
reflecting unique environmental pressures or physiological states in
25922°.

When comparing 259227 with ATGC 25922, enriched Gene Ontology
(GO) terms were mainly concentrated in molecular function, cellular
components, and biological processes (Fig. 2B). In contrast, the com-
parison between 25922% and 259227 showed fewer enriched GO terms,
yet highlighted differences in molecular functions, cellular components,
and biological processes, indicating distinct biological functional char-
acteristics between the strains. Similarly, the transcriptomic analysis of
Serratia marcescens under stress from various sizes of nanoplastics
revealed GO enrichment in biological processes related to cell mem-
brane components and transport [14].

In examining the membrane transport proteins (Fig. 2C), we found
that genes related to ATP synthesis such as atpC, groE, and copA, as well
as transport proteins ompD, ompW, mntS, and mntP, were slightly
downregulated. In contrast, genes malE, malF, malK, lamB, and malM in
259227 were downregulated by 10-30 times, with the most pronounced
decrease observed in lamB. They cluster within the malB region and are
organized into two operons: malE-malF-malG and malK-lamB-malM.
Among these, lamB is the sole gene coding for an outer membrane
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protein. Previous studies have shown that sub-lethal concentrations of
ciprofloxacin induced downregulation of lamB and ompF in Salmonella
Typhi, while other outer membrane protein genes, such as tolC, ompS1,
and phoE, were upregulated [26]. Transcriptomic analysis also showed
that de novo-evolved E. coli mutants, which acquired fluoroquinolone
resistance within 10 days, downregulated porin expression and had
DEGs linked to biofilm formation and cellular motility [27].

Further qPCR analyses confirmed downregulation of malF, malK,
lamB, and malM in 259227 (Fig. 3A). Previous studies indicated that T-2
toxin reduced protein synthesis in rats’ liver and intestinal mucosa [28].
However, its effect on bacterial membrane protein gene expression re-
mains unclear. Treatment with 100 ng/mL T-2 toxin significantly
downregulated malF and lamB in ATCC 25922, with lamB mRNA levels
reduced five-fold (Fig. 3B). No significant changes were observed at
500 ng/mL, possibly due to E. coli’s compensatory mechanisms. Tran-
scriptomic analysis (Table S4 and S5) showed that other outer mem-
brane including and stress response genes were also regulated,
suggesting a balance at high toxin levels. Meanwhile, high T-2 toxin
concentrations may reach a saturation point, preventing further bio-
logical effects, a common occurrence in toxicology [29]. After 24 h,
mRNA levels of malE, malF, malG, lamB, and malM significantly declined
(Figs. 3C, 3D), indicating a bacterial stress response to harsh environ-
ments such as mycotoxin exposure. Similarly, under quinolone expo-
sure, mutations can result in the loss of porin OmpF, preventing the drug
from entering the cell and leading to resistance [26,30]. These strains
often exhibited cross-resistance to tetracycline, coumarins, and other
antibiotics.

Taken together, T-2 toxin influences bacterial antibiotic resistance
by regulating gene expression, particularly genes involved in membrane
transport and stress response. The development of antibiotic resistance
in E. coli may be attributed to its adaptive capacity to environmental
toxin pressure.

3.3. lamB’s role in XDR E. coli: from carbapenems to last-resort
antibiotics

Overexpression of lamB in the PDR strain (259227-lamB-+) resulted in
a more than 64-fold decrease in MIC values for colistin, meropenem,
ceftazidime, cefepime, and aztreonam (Fig. 4A). Meanwhile, MIC values
for tigecycline and imipenem decreased by 8 to 16-fold. In contrast,
knockout of lamB in the wild-type strain (25922-AlamB) resulted in a
marked increase in sensitivity to 12 antibiotics, except for imipenem
(Fig. 4B). The knockout mutant exhibited an 8-fold increase in MIC for
tigecycline, with increases ranging from 32 to 1024-fold for the other 11
antimicrobials. These results confirm that lamB was instrumental in
facilitating the entry of these antimicrobials into the intracellular envi-
ronment of E. coli, ultimately contributing to the strain’s demise.

Both imipenem and meropenem are clinically important carbapenem
antibiotics, but most gram-negative bacteria showed higher resistance to
imipenem than to meropenem [31]. In ATCC 25922, knocking out lamB
increased the MIC for meropenem by 32-fold, while imipenem’s MIC
remained unchanged (Fig. 4B). In 259227, overexpressing lamB
decreased the meropenem MIC by 512-fold but only reduced the imi-
penem MIC by 4-fold (Fig. 4A). Imipenem was highly dependent on the
OprD porin, and dysfunction of OprD led to increased imipenem resis-
tance [32]. Notably, ATCC 25922 carries genes for OmpC and OmpF,
which likely explains why the lamB knockout did not significantly affect
imipenem sensitivity. This suggest that imipenem uptake was less
dependent on LamB in E. coli. In contrast, meropenem’s uptake in
Pseudomonas aeruginosa was less dependent on OprD and can utilize
porins such as OmpC and OmpF in both P. aeruginosa and E. coli [33,4,5].
Thus, in E. coli, meropenem’s uptake may be more dependent on LamB,
as indicated by the significant changes in meropenem MIC observed
with lamB knockout and overexpression.

Notably, our study demonstrates that lamB mediated E. coli resis-
tance to both tigecycline and colistin. This is evidenced by the fact that
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Fig. 3. Transcription levels of the mal gene cluster in induced (A) and wild-type (B-D) strains. (A) 25922° and 259227. (B) High and low T-2 toxin exposure.
Transcription levels of malEFG (C) and malK-lamB-malM (D) after low concentration T-2 toxin exposure.

Fig. 4. MIC determination for the overexpression (A) and knockout (B) mutants. MEM (meropenem), IPM (imipenem), AZT (aztreonam), CAZ (ceftazidime), FEP
(cefepime), AMP (ampicillin), TET (tetracycline), TGC (tigecycline), GEN (gentamicin), STR (streptomycin), FFC (florfenicol), CIP (ciprofloxacin), and PE (colistin).

knocking out lamB increased the MIC for tigecycline and colistin, while
overexpression of lamB decreased the MIC for both antibiotics. Known
mechanisms for tigecycline resistance included plasmid-mediated genes
like tet(X), efflux pump overexpression, and lipopolysaccharide (LPS)
core biosynthesis mutations [34]. For colistin resistance, mechanisms
included mcr genes, LPS modifications, and active efflux systems [35].

However, there have been no reports of porin genes mediating resistance
to both antibiotics.

Antibiotics from the p-lactam class, including cephalosporins, mon-
obactams, and carbapenems, are among the most widely used in clinical
settings [36]. However, the efficacy of these and other critical antibi-
otics, such as tigecycline and colistin, is increasingly compromised by
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XDR and PDR bacterial infections, raising concerns about a return to a
pre-antibiotic era [1,2]. Our findings highlight that lamB can mediate
XDR resistance in E. coli, including to last-resort antibiotics.

3.4. Role of LamB in membrane permeability and T-2 toxin uptake in
E. coli

A significant reduction in membrane permeability was observed in
the induced resistant strain (Fig. 5A). Furthermore, the fluorescent
signal in lamB overexpressing mutants was markedly increased when
compared to control strains, whereas the fluorescent signal in lamB
knockout mutants exhibited a substantial decrease relative to the wild-
type strain (Fig. 5A). These findings suggest that lamB directly influ-
enced the outer membrane permeability of E. coli. This underscores the
broader issue of non-antibiotic compounds accelerating bacterial evo-
lution by damaging cell membranes, inhibiting membrane proteins, and
promoting antibiotic resistance across healthcare, livestock, and the
environment [25,37].

We constructed a three-dimensional structural model of LamB, and
the predictions suggest that it may exhibit specificity for T-2 toxin
(Fig. 5B). Each monomer of the trimeric LamB contained three binding
sites for T-2 toxin, with key amino acid residues involved in binding
being Asn287, Lys417, and Pro413. The high binding affinity of LamB
for T-2 toxin (binding energy: —3.15) suggests that LamB facilitated
efficient substrate transport, indicating that T-2 toxin could act as a
substrate for LamB, thereby enhancing E. coli’s uptake of T-2 toxin.

To assess whether lamB influences T-2 toxin absorption through al-
terations in outer membrane permeability, we confirmed the successful
overexpression of mutants via qPCR (Fig. 5C, left). LC/MS analysis
revealed a significant increase in intracellular T-2 toxin levels in the
overexpressing mutant compared to control (Fig. 5C, right), indicating
that lamB upregulation enhanced T-2 toxin uptake by E. coli. Meanwhile,
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we observed a marked decrease in intracellular T-2 toxin levels in the
knockout mutant (Fig. 5D). However, T-2 toxin was still detectable
within the cells, suggesting that, in addition to LamB, other membrane
porins likely play a role in the uptake of T-2 toxin.

Deoxynivalenol (DON), a trichothecene mycotoxin similar to T-2
toxin, induced comparable effects in mammalian cells. Under DON
stress, transporter inhibitors in eukaryotic cells show that organic anion
transporters, organic cation transporters, and organic anion-
transporting polypeptides participated in DON uptake, with P-glyco-
protein being the major efflux protein [38]. Previously, no studies had
reported on mycotoxin transport mechanisms in bacteria. Our research
expands the understanding of mycotoxin uptake in prokaryotes.

Given the critical role of outer membrane porins in substance
transport in gram-negative bacteria, we speculate that T-2 toxin-induced
inhibition of the malB gene cluster, particularly lamB, reduces sugar (e.
g., maltose) and antimicrobial uptake. This decreases intracellular
antimicrobial accumulation, enabling bacteria to survive high concen-
trations of T-2 toxin and antimicrobials, thereby developing resistance.

3.5. Effects of LamB on antibiotic uptake in E. coli

We predicted the binding sites of LamB with carbapenems and
cephalosporins (Fig. 6). The analysis revealed that the LamB monomer
had one binding site for meropenem (Arg134), three binding sites for
imipenem (Ser-148, Arg-170, Lys-129), two binding sites for ceftazidime
(Phe-106, Lys-129), and three binding sites for cefepime (Tyr-66, Gln-
267, Lys-269). The corresponding binding energies were —2.93,
—2.58, —2.53, and —4.3, respectively. The strong binding affinity of
LamB for these four antimicrobials suggests their potential as substrates
for LamB, thereby facilitating their uptake by E. coli. There are no re-
ports on molecular docking of LamB with other antibiotics and toxins,
though docking has predicted antibiotic binding targets in bacteria [14].

Fig. 5. Correlation between cell membrane permeability and T-2 toxin uptake in E. coli. (A) Permeability changes. (B) Predicted 3D structure of LamB and T-2 toxin
binding site. (C) Transcription levels and intracellular T-2 toxin in overexpression mutants. (D) Intracellular T-2 toxin in the knockout mutant.
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Fig. 6. Predicted binding sites of LamB with meropenem, imipenem, ceftazidime, and cefepime.

For instance, docking analysis showed that the metallo-f-lactamase
JON61_03315 from Pseudomonas putida R51 bound to meropenem,
while the other three p-lactamases did not [39]. While molecular
docking suggests LamB might facilitate antibiotic uptake, biological
complexity means these predictions may not translate into functional
uptake in vivo.

Despite multiple attempts using two HPLC instruments (Agilent 1260
Infinity I and Waters Alliance e2695), we were unable to detect mer-
openem and imipenem in wild-type and knockout strains. This is likely
due to the very low MICs of these antibiotics: 0.03 ug/mL and 0.06 pg/
mL for meropenem and imipenem in ATCC 25922, and 0.015 pg/mL and
0.5 pug/mL for meropenem in 259227-lamB+ and  25922-AlamB,
respectively. These low concentrations are inherently challenging to
detect using HPLC. Therefore, we selected only cefepime (a fourth-
generation cephalosporin) and ceftazidime (a third-generation cepha-
losporin) for introduction into strains, measuring intracellular concen-
trations. The results corroborated our hypothesis, demonstrating
significantly lower accumulation of both antimicrobials in the induced
resistant strains (Fig. 7A, 7B). Notably, intracellular levels of cefepime
were significantly higher than those of ceftazidime in the resistant
strains, indicating that lamB expression differentially influenced the
uptake of cephalosporins in E. coli. Moreover, overexpressing mutants
exhibited markedly increased intracellular levels of both antimicrobials,

with cefepime accumulating more than ceftazidime.

Similar experiments with knockout mutants revealed a significant
reduction in intracellular levels of both cefepime and ceftazidime
(Figs. 7A, 7B). Interestingly, the lamB knockout mutants demonstrated
greater absorption of cefepime compared to ceftazidime, suggesting that
the lamB gene may exert a more substantial influence on the uptake of
ceftazidime. Despite the significant reduction in antibiotic uptake in
E. coli following the knockout of lamB, antibiotics remained detectable
in these knockout mutants. This indicates that bacterial resistance likely
involved the coordinated expression of multiple outer membrane pro-
teins and complex regulatory mechanisms. Future research should
investigate these interactions to better understand antibiotic resistance
mechanisms and support the development of anti-resistance strategies.

WHO has classified cephalosporins as critically important antimi-
crobials for human health. Hydrophilic antibiotics, such as cephalo-
sporins, carbapenems, and tetracyclines, primarily enter E. coli cells
through OmpF and OmpC. When these porins were absent or dysfunc-
tional, these drugs cannot penetrate the cell. In Acinetobacter baumannii,
OmpA facilitated the uptake of chloramphenicol, aztreonam, and nali-
dixic acid; reduced OmpA expression decreased antibiotic entry [40].
Similarly, abnormalities in OmpK36 hindered p-lactam and other anti-
biotics’ entry, contributing to the widespread emergence of
multidrug-resistant K. pneumoniae clones [41]. Our transcriptomic
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Fig. 7. Role of LamB in cephalosporin uptake. (A) Absorption of ceftazidime and cefepime in wild-type, knockout, resistant, and overexpression strains. (B)
Intracellular levels of ceftazidime and cefepime.
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analysis findings confirm that T-2 toxin exposure downregulated the mal
gene cluster, especially lamB, but did not affect non-specific porins
OmpF, OmpC, or OmpK36 expression. Additionally, the observation that
E. coli induced marA (a master regulator of multiple antibiotic resis-
tance) expression under antibiotic exposure [25] suggests that lamB may
be a critical determinant of resistance mechanisms in extreme
environments.

3.6. Implications of T-2 toxin on the evolution of antibiotic resistance

Much attention has been focused on the toxicity of T-2 mycotoxin in
eukaryotic cells [19]. However, our study highlights its significant ef-
fects on bacterial physiology.

Our findings reveal that while E. coli showed no resistance at higher
concentrations, exposure to 10 ng/mL resulted in a stable multi-drug
resistant (MDR) phenotype. Remarkably, exposure to as little as 10>
ng/mL induced PDR phenotype in ATCC 25922 by the 7th induction
cycle. This aligns with previous studies [42,27,37], which propose that
low concentrations of antibiotics and environmental pollutants were
more likely to enhance bacterial resistance by increasing ROS, inducing
the SOS response, enhancing membrane permeability, and promoting
antibiotic resistance gene spread. We provide new evidence that low
concentrations of T-2 toxin induce significant resistance in E. coli, sug-
gesting that even trace levels, far below national safety limits, pose a
substantial environmental risk. Mycotoxins can promote the formation
of emerging environmental pollutants such as antibiotic-resistant bac-
teria (ARB).

Our experiments were limited to specific toxin concentrations,
potentially missing its full impact. Future studies should explore a
broader range of concentrations to better understand the dose-response
relationship and potential threshold effects. Additionally, the study
focused primarily on five E. coli strains, limiting the generalizability of
the findings. Expanding the research to include a more diverse array of
bacterial species and strains would provide a more comprehensive un-
derstanding of T-2 toxin’s effects across different bacterial populations.

The primary XDR mechanism identified in our study is LamB. This
outer membrane protein facilitated antimicrobial transport, including
carbapenems, cephalosporins, and tigecycline. Reduced lamB expression
impeded the entry of T-2 toxin and antibiotics, leading to XDR pheno-
type. These results significantly extend earlier findings [11,9,12] that
mycotoxins and key antibiotics are transported as LamB substrates. Our
findings contribute to the broader understanding of antibiotic resistance
in gram-negative bacteria, which are more prone to developing resis-
tance than gram-positive species due to the unique properties of their
outer membranes [4,5]. The selective permeability of non-specific por-
ins such as OmpF and OmpC [7], the activity of multidrug efflux pumps
[3], and rapid adaptation under selective pressure were all factors that
enhance resistance [15]. In this study, LamB directly influenced the
outer membrane permeability of E. coli, emphasizing the importance of
specific porins in the evolutionary regulation of bacterial cell membrane
integrity under environmental stress.

4. Conclusion

This comprehensive study highlights the alarming impact of T-2
mycotoxin on the evolution of antibiotic resistance in E. coli, revealing
significant implications for public health. The induction of MDR and
PDR phenotypes in E. coli strains at extremely low toxin concentrations
underscores the urgent need for stricter monitoring of agricultural
contaminants. Notably, T-2 toxin reduced membrane permeability by
downregulating lamB. Furthermore, T-2 toxin can traverse the bacterial
membrane via LamB, and prolonged exposure reduced the intracellular
accumulation of both T-2 toxin and antibiotics, thereby enhancing
resistance development. Additionally, LamB mediated the XDR pheno-
types in E. coli, particularly by blocking last-resort antibiotics such as
cephalosporins, carbapenems, tigecycline, and colistin, further

10

Journal of Hazardous Materials 480 (2024) 136437

complicating treatment strategies. LamB exhibited high binding affin-
ities for T-2 toxin and antibiotics, featuring binding sites for meropenem
(Argl34), imipenem (Ser148, Argl70, Lys129), ceftazidime (Phel06,
Lys129), and cefepime (Tyr66, GIn267, Lys269), with binding energies
of —2.93, —2.58, —2.53, and —4.3, respectively. These findings highlight
specific porin LamB as a crucial target for anti-resistance therapies.
Future research should investigate mycotoxins’ long-term effects on
microbial communities and the molecular mechanisms of resistance,
focusing on membrane protein regulation and persister cell formation. A
multidisciplinary approach is essential to mitigate antibiotic resistance
driven by environmental pollutants.

Environmental implication

T-2 mycotoxin, even at concentrations far below national safety
limits, promotes the formation of antibiotic-resistant bacteria (ARB), an
emerging environmental pollutant. T-2 mycotoxin crosses the prokary-
otic cell membrane via LamB and reduces membrane permeability by
downregulating LamB, leading to the evolution of resistance. LamB
mediates the extensively drug-resistant (XDR) phenotypes in Escherichia
coli, particularly by obstructing last-resort antibiotics such as carbape-
nems, cephalosporins, tigecycline, and colistin, complicating treatment
strategies. This study highlights a critical environmental risk and aims to
raise public awareness of mycotoxin contamination, providing scientific
evidence for effective prevention and control strategies for both myco-
toxins and ARB.
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ABSTRACT

Spore-forming probiotic Bacillus spp. have received extensively increasing scientific and commercial interest, but
raised the concerns in the potential risks and pathogenesis. In this study, 50 commercial probiotic products were
collected from all over the country and Bacillus spp. isolated from products were evaluated for the safety on the
aspects of hemolytic activity, contamination profiles, toxin genes, cytotoxicity, antimicrobial resistance, and
genotyping. 34 probiotic products (68%) exhibited hemolysis, including 19 human probiotics, 9 animal pro-
biotics, and 6 plant probiotics. 28 products (56%) contained other bacteria not labeled in the ingredients. 48
strains in Bacillus spp. including 17 B. subtilis group isolates, 28 B. cereus, and 3 other Bacillus spp. were isolated
from human, food animal, and plant probiotic products. Detection rates of enterotoxin genes, nheABC and
hbICDA, and cytotoxin cytK2 in 48 Bacillus spp. isolates were 58%, 31%, and 46%, respectively. Also, one isolate
B. cereus 34b from an animal probiotic product was positive for ces, encoding cereulide. 28 of 48 Bacillus spp.
isolates were cytotoxic. 19 of 28 B. cereus isolates maintained to exhibit hemolysis after heat treatment. All 48
Bacillus spp. isolates exhibited resistance to lincomycin, and 5 were resistant to tetracycline. The genotyping of
commercial probiotic Bacillus spp. reported in this study showed that ces existed in B. cereus 34b with the specific
sequence type (ST1066). These findings support the hypothesis that probiotic products were frequently
contaminated and that some commercial probiotics consisted of Bacillus spp. may possess toxicity and antimi-
crobial resistance genes. Thus, the further efforts are needed in regarding the surveillance of virulence factors,
toxins, and antibiotic resistance determinants in probiotic Bacillus spp.

1. Introduction

Probiotic products may contain one or more selected strains, of
which often belong to different species. For several decades, spore-

Probiotics are defined as live microorganisms, which, when admin-
istered in adequate amounts, confer a health benefit on the host (FAO &
WHO, 2001). One health, a concept of comparative medicine, focuses on
an ecosystem in specific region or city to study the emergence and
dissemination of risk factors (Zinsstag et al., 2011). The role played by
probiotics in One Health is widely acknowledged as crucial because
probiotics were commonly used for health care, food additives, and
medical treatment (Nagpal et al., 2012). Thus, the safety assessment of
microorganisms selected as probiotics, as well as the commercial pro-
biotic products is necessary.

forming probiotic Bacillus spp. mainly including Bacillus subtilis,
B. cereus, B. licheniformis, and B. thuringiensis have received extensively
increasing scientific and commercial interest, but raised the concerns in
the potential risks and pathogenesis (Zhu et al., 2016; Cui et al., 2020; Fu
et al., 2020). As an example, Bacillus spp. is one of the most common
foodborne opportunistic pathogens associated with gastroenteritis
worldwide. According to a 10-year follow-up survey, B. cereus was a
common cause of foodborne disease outbreaks in the United States
(Bennett et al., 2013). Similarly, B. cereus was also ranked the third most
prevalent food pathogen in China in the 10-year survey (Paudyal et al.,
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2018). Besides that, ubiquitous Bacillus spp. are capable to produce heat-
labile enterotoxins (Nhe, Hbl and CytK) and heat-stable surfactin-like
toxins (e.g., cereulide) with hemolytic activity (Granum et al., 2001; Cui
et al.,, 2019). These gene-encoded enterotoxins causing diarrhea are
produced by vegetative cells of Bacillus spp. in the small intestine after
ingestion (Granum et al., 2001). However, cereulide induces vomiting
and liver failure and is typically resistant to proteolytic enzymes, acid,
alkali and heat, and is synthesized by nonribosomal peptide synthetases
(NRPS) encoded by the 24 kb cereulide synthetase (ces) gene cluster
(Shinagawa et al., 1995). Another risk factor is the high-efficiency
transfer of toxin genes and ARGs (antibiotic resistance genes) among
Bacillus spp. within the GITs (gastrointestinal tracts), which has been
proposed to occur between probiotic strains and opportunistic or path-
ogenic bacteria (Mingmongkolchai et al., 2018; Cui et al., 2019; Cui
et al., 2020). Recent studies on the incidence of toxin genes of Bacillus
spp. have shown that isolates originating from commercial probiotic
products carried the genes which produced toxins, such as enterotoxin
(Fu et al., 2020; Zhu et al., 2016), cytotoxin (Trapecar et al., 2011), and
vomit-related heat-stable toxin (Cui et al., 2019), and consequently
caused the cytotoxicity. These demonstrated that probiotics might serve
as a potential reservoir for virulence or toxin genes and therefore,
instigate the spread of virulence factors to indigenous microbiota, that
may contribute to later disease and mortality (Chiang et al., 2017; Cui
et al., 2020). There are several cases including septicemia in an immu-
nocompromised patient because of probiotic B. subtilis, a patient with
intestinal anthrax caused by probiotic B. cereus carrying the anthrax
toxin gene, and septicemia, intestinal inflammation and liver injury in
different mouse models administrated by probiotic Bacillus spp.
(Oggioni et al., 1998; Cui et al., 2019; Fu et al., 2020). These supported
that probiotic Bacillus spp. isolates might be directly related to severe
infection of patients, in particular whom are immunocompromised.
However, many probiotics containing Bacillus spp. are applied in prod-
ucts for children even the newborn, such as B. subtilis Medilac-Vita®
(treatment for infantile enteritis) and B. coagulans Unique IS2™ (treat-
ment for children with Irritable Bowel Syndrome).

Probiotic strains with virulence potential are likely to pose great
threat to food safety, human health, and public health, though the
related probiotic products are widely used. Gaps still remain in the
scientific understanding of safety assessment of probiotic products and
their isolates. In this study, we have examined 48 Bacillus spp. isolates
from 50 probiotic products for toxin genes, hemolytic activity, cyto-
toxicity, antimicrobial resistance, and potential information based on its
genotype.

2. Materials and methods
2.1. Isolation and identification of Bacillus spp.

The commercial probiotic products were collected from South Korea,
Australia, and 17 provinces/municipalities/autonomous regions (P/M/
A) in China, from 2018 to 2020 (Table 1). Two grams of probiotic power
were suspended in 20 mL phosphate buffered saline (PBS) after the solid
probiotic product was fully ground, and 15 pL of the probiotic suspen-
sion was cultured in 500 pL brain heart infusion (BHI) broth and incu-
bated at 37 °C for 7 h to allow pre-enrichment. Then the bacterial culture
was spread on B. cereus-selective chromogenic media (CHROMagar,
France) and incubated at 37 °C for 20 h. Colored single colonies of each
distinct phenotype were sub-cultured on new agar plates for further
study.

Genomic DNA was extracted from the isolate using the TIANamp
Genomic DNA Kit (Tiangen Biotech, China), and amplification of the 16S
rRNA gene was performed using the combination of universal bacterial
primers 27F and 1492R. The amplified sequence of the isolate was
subjected to nucleotide blast at NCBI for further identification of Bacillus
spp. isolated from probiotic products.

Food Research International 139 (2021) 109949
2.2. Detection of toxin genes by PCR

In order to screen isolate for the presence of one or more toxin genes,
genomic DNA was extracted firstly and the target gene was screened by
PCR using genomic DNA as the template, as previously described
(Wehrle et al., 2009). The primers used to detect the toxin genes hblC,
hbID, hblA, nheA, nheB, nheC, cytK, ces, cya, and cry were described
previously (Bendov et al., 1997; Kumar et al., 2009; Wehrle et al., 2009).
The 50 pL of reaction mixture for PCR consisted of 0.5 pM of forward and
reverse primers, 25 pL of 2 x PCR premixture (Takara, Japan), 100 ng
genomic DNA, and supplemented with sterile water to 50 pL. Purified
PCR products of the target genes in selected isolates were sequenced,
and the sequences were analyzed by blast at NCBI. All of the experiments
described above were repeated three times, and included negative
control without template DNA.

2.3. Toxin production, hemolysis detection, and cytotoxicity assay

In order to evaluate the biological safety of both probiotic products
and Bacillus spp. isolates, hemolysis test and cytotoxicity assay were
performed, respectively. All of the experiments described below were
carried out in triplicates. Toxin production of isolate was prepared as
previously described with minor modifications (Liu et al., 2017). Briefly,
two grams of probiotic power were suspended in 20 mL PBS after the
solid probiotic product was fully ground, and 0.2 mL of the probiotic
suspension was cultured in 10 mL Lysogeny Broth (LB) medium and
incubated at 30 °C for 14 h. The 0.01 mL of overnight culture of Bacillus
isolate was grown on 10 mL LB medium at 30 °C for 14 h. Subsequently,
both the culture supernatant of probiotic product and isolate were
harvested and condensed by centrifugation at 13,000 rpm for 5 min, and
stored at —20 °C until use.

The hemolysis of each probiotic product and isolate was detected as
previously described with minor modifications (Liu et al., 2017). Briefly,
10 mL sheep red blood cells (SBCs) (Hongquan Bio, China) were pelleted
by centrifugation at 3000 rpm for 10 min, following by washing twice
with 10 mL PBS. An 8% (vol/vol) suspension of SBCs was prepared using
PBS, then 150 pL of the suspension was transferred to a centrifuge tube.
Subsequently, 150 pL culture supernatant (toxin production) was added
to generate a final suspension of 4% (vol/vol) of SBCs, and incubated at
37 °C for 1 h, and then centrifuged at 3000 rpm for 10 min at 4 °C. The
100 pL supernatant in each tube was carefully transferred to a sterile 96-
well plate. Finally, the hemolytic activity was determined by measuring
the optical absorbance at ODsy¢ with a Microplate Absorbance Spec-
trophotometer (BIO-RAD, USA). The 4% SBCs suspension in PBS was
used as a negative control. Triton X-100 (0.1%) with SBCs was used as a
positive control. The calculation equation of hemolysis: hemolytic ac-
tivity (%) = (ODsample — ODnegative) / (ODpositive — ODnegative) X 100%.
The hemolysis percentage was calculated based on the 100% release
with 0.1% Triton X-100. Meanwhile, the culture supernatant of the
hemolysis-positive strains was heat treated for 15 min in a boiling water
bath and then tested for hemolysis to determine heat stability of po-
tential proteins causing hemolysis. The 10 pL culture supernatant (toxin
production) was used to test the strain for production of cytotoxin on
Vero cells as described before with minor modifications (Wehrle et al.,
2009; Zhu et al., 2013). Briefly, the toxin production was serially diluted
in 96 cell plates and then the cells separately seeded 5 x 10° cells per
well, and incubated for 24 h at 37 °C. Toxicity was determined using
water-soluble tetrazolium salt-8 method, and a microscope was also
used to determine whether the strain was cytotoxic. Vero cells were
obtained from Professor Kui Zhu (China Agricultural University).

2.4. Antimicrobial susceptibility test
The microdilution broth method as described by the CLSI (Clinical

Laboratory and Standards Institute) documents (CLSI, 2008; CLSI, 2018)
was used to determine the susceptibility of Bacillus spp. isolates to 10
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Table 1
Characteristics of the 48 Bacillus spp. isolates and other bacterial species from 50 commercial probiotic products.
Product”  Place of origin Purpose of application Ingredients on the label Isolates”
1 Shenyang, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. None
Liaoning for infant
2 Shenyang, Treatment of gastrointestinal disorder and B. licheniformis E. faecium 2¢
Liaoning diarrhea for adult
3 Shenyang, Treatment of gastrointestinal disorder and B. licheniformis B. cereus3a
Liaoning diarrhea for infant
4 Beijing Treatment of indigestion and diarrhea for E. faecium, B. subtilis B. subtilis 4a, E. faecium 4c
infant
5 Nanjing, Jiangsu Treatment of allergy for infant and adult Lactobacillus spp., Bifidobacterium spp., B. velezensis 5a
Streptococcus spp.
6 South Korea Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. E. faecium 6¢
for pregnant woman
7 Xinxiang, Henan Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. None
for infant and adult
8 Shijiazhuang, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. B. subtilis 8a
Hebei for infant and adult
9 Zhuhai, Treatment of gastrointestinal disorder for Lactobacillus spp., Bifidobacterium spp. B. cereus 9a
Guangdong infant and pregnant woman
10 Zhengzhou, Henan  Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp., B. velezensis 10a
for infant and adult Streptococcus spp.
11 Chaozhou, Treatment of gastrointestinal disorder for Lactobacillus spp. None
Guangdong infant, adult and pregnant woman
12 Nanjing, Jiangsu Treatment of gastrointestinal disorder for Lactobacillus spp., Bifidobacterium spp., None
infant and adult Streptococcus spp.
13 Shenyang, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. None
Liaoning for infant
14 Shenyang, Treatment of gastrointestinal disorder and B. licheniformis B. cereus 14a, B. cereus 14b
Liaoning diarrhea for infant
15 Beijing Treatment of indigestion and diarrhea for E. faecium, B. subtilis E. faecium 15c¢
infant
16 Nanjing, Jiangsu Treatment of allergy for infant and adult Lactobacillus spp., Bifidobacterium spp., E. faecium 16¢
Streptococcus spp.
17 Fuyang, Anhui Treatment of gastrointestinal disorder for Lactobacillus spp., Bifidobacterium spp. B. subtilis 17a, E. faecium 17¢
adult
18 Shenyang, Treatment of gastrointestinal disorder for B. licheniformis E. faecium 18c
Liaoning adult
19 South Korea Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. B. cereus 19a, E. faecium 19c
for pregnant woman
20 Zhuhai, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. B. cereus 20a, B. cereus 20b, E. faecium 20c
Guangdong for infant and adult
21 Xinxiang, Henan Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp. None
for infant and adult
22 Liaocheng, Treatment of gastrointestinal improvement Lactobacillus spp. B. cereus 22a, B. cereus 22b
Shandong for adult
23 Jincheng, Shanxi Treatment of constipation and diarrhea for Lactobacillus spp., E. faecalis B. subtilis 23a, E. faecalis 23c
adult
24 Australia Treatment of gastrointestinal improvement Lactobacillus spp. E. faecium 24c
for adult
25 Hohhot, Inner Treatment of gastrointestinal improvement Lactobacillus spp., Streptococcus spp. None
Mongolia for infant and adult
26 Tsitsihar, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp., None
Heilongjiang for infant and adult Streptococcus spp.
27 Guangzhou, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp., B. subtilis 27a
Guangdong for pregnant woman Streptococcus spp.
28 Tsitsihar, Treatment of gastrointestinal improvement Lactobacillus spp., Bifidobacterium spp., B. cereus 28a, B. cereus 28b, E. faecium 28c
Heilongjiang for infant and adult Streptococcus spp.
29 Shanghai Treatment of indigestion and diarrhea for Lactobacillus spp., E. faecalis E. faecalis 29¢
adult
30 Beijing Treatment of indigestion and diarrhea for E. faecium, B. subtilis E. faecium 30c
infant
31 Shanghai Feed additive for rabbit Bacillus spp., Lactic Acid Bacteria, B. cereus 31a, B.cereus 31b, B. licheniformis 31d
Actinomyces spp., Yeast, E. faecalis
32 Changsha, Hunan Feed additive for livestock B. subtilis, E. faecalis, Lactobacillus spp., B. cereus 32a, B. cereus 32b, E. faecium 32c, B. subtilis
Yeast 32d
33 Xinxiang, Henan Feed additive for poultry Bacillus spp., Lactobacillus spp. B. cereus 33a, B. cereus 33b, B. subtilis 33d
34 Dagqing, Feed additive for livestock B. subtilis, B. licheniformis B. cereus 34a, B. cereus 34b, E. casseliflavus 34c
Heilongjiang
35 Xinghua, Jiangsu Feed additive for poultry Bacillus spp. B. cereus 35a, B. cereus 35b, B. subtilis 35d
36 Hefei, Anhui Feed additive for livestock - None
37 Zhenjiang, Jiangsu  Treatment of diarrhea for poultry Bacillus spp., Lactic Acid Bacteria B. subtilis 37a, E. faecium 37¢
38 Yichun, Jiangxi Feed additive for poultry and livestock B. subtilis, E. faecalis, Yeast B. cereus 38a, B. licheniformis 38b, E. gallinarum 38c,
P. guariconensis 38d, P. guariconensis 38e
39 Taian, Shandong Treatment of diarrhea for swine B. subtilis, Lactic Acid Bacteria B. cereus 39a, B. cereus 39b, E. faecium 39c
40 Taian, Shandong Feed additive for poultry and livestock B. subtilis, Lactic Acid Bacteria, Yeast B. cereus 40a, E. faecium 40c

(continued on next page)
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Product”  Place of origin Purpose of application Ingredients on the label Isolates”
41 Yichun, Jiangxi Feed additive for poultry B. subtilis, Pediococcus sp., Yeast B. cereus 41a, B. cereus 41b
42 Chengdu, Sichuan Feed additive for poultry and livestock Bacillus spp., Enterococcus spp., B. vel is 42a, B. vel is 42b, B. megaterium
Lactobacillus spp., Yeast 42d, Bacillus sp. 42e
43 Chongging Feed additive for livestock B. subtilis Bacillus sp. 43a
44 Harbin, Biocontrol P. fluorescens None
Heilongjiang
45 Zhucheng, Biocontrol P. fluorescens B. cereus 45a, P. songnenensis 45d
Shandong
46 Shaoqing, Biocontrol P. fluorescens None
Guangdong
47 Binzhou, Biocontrol P. fluorescens None
Shandong
48 Shaoqing, Biocontrol P. fluorescens None
Guangdong
49 Nanyang, Henan Biocontrol and plant growth promotion B. subtilis B. velezensis 49a, E. faecium 49¢
50 Yidu, Hubei Plant growth promotion B. subtilis, B. licheniformis B. licheniformis 50a, E. faecium 50c

@ 28 of 50 probiotic products were mislabeled or contaminated and indicated in bold italics. Product No. 1-30 were used in human; product No. 31-43 were used in

animal; product No. 44-50 were used in plant.

b 18 Bacillus spp. isolates present as essential ingredients in probiotic products were in bold and underlined.

antimicrobial agents (tigecycline, tetracycline, lincomycin, erythro-
mycin, streptomycin, gentamicin, florfenicol, linezolid, ciprofloxacin,
and vancomycin). Staphylococcus aureus ATCC 29213 was used as the
quality control strain because of no Bacillus data available according to
the CLSI standards. The MIC (minimum inhibitory concentration) ranges
of antimicrobial agents and the resistance breakpoints of antimicrobial
agents examined were referred to CLSI documents (CLSI, 2008; CLSI,
2018).

2.5. Multilocus sequence typing (MLST) typing

MLST of the housekeeping genes for Bacillus spp. was performed
following the method described in MLST Databases (https://pubmlst.
org). The allelic profiles and the sequence types were generated by
doing a BLAST search the Bacillus spp. sequences in the MLST database
(https://pubmlst.org/databases/).

3. Results and discussion

3.1. Identification of Bacillus spp. isolates and checking for label
inaccuracy

In total, 50 probiotic products were examined in this study, including
30 products of human use for therapy and health care, 13 products of
food animal use, and 7 products of plant use for biological control
(Table 1). Based on bacterial morphology and 16S rRNA gene sequence
analysis, 48 Bacillus spp. (17B. subtilis group isolates, 28B. cereus, and
other 3 Bacillus spp.) were identified from 29 probiotic products,
including 18 isolates originating from human probiotics, 27 isolates
from food animal probiotics, and 3 isolates from plant probiotics
(Table 1). However, only 18 Bacillus spp. isolates were present as
essential ingredients in probiotic products (5th column of Table 1). In
fact, it is difficult to identify that other 30 Bacillus spp. were as con-
taminants or ingredients present in probiotic products due to the label
inaccuracy including label insufficiency and misspelling in animal pro-
biotic products (Weese et al., 2011). Probiotics should be identified by
their specific strain including the genus, the species, the subspecies (if
applicable), and an alphanumeric strain designation (FAO & WHO,
2001). Strain designation was missing in all 50 probiotic products pur-
chased from certified pharmacies, and only parts of species designations
were present on the labels (Table 1). In contrast, no Bacillus sp. was
isolated from 4 probiotic products (product No. 2, 15, 18, and 30)
labeled as the ingredients containing Bacillus spp.

Aside from these Bacillus spp. isolates, other bacterial species which
are not labeled as the ingredients were also isolated from probiotic

products (Table 1). 2products (product No. 38 and 45) were contami-
nated by 3 Pseudomonas spp. including 2 P. guariconensis and 1
P. songnenensis, all of which were novel species proposed in 2013 and
2014. The risk evaluation of the microbiological exposure on commer-
cial probiotic products has revealed the presence of various microor-
ganisms not indicated on the label (Hoa et al., 2000; Temmerman et al.,
2003). Avenues for contamination of probiotic products are numerous,
such as a failure in quality control procedures, and the inappropriate
packaging and storing condition, or an intention to deceive consumers
(Sanders et al., 2010). Labels that inaccurately describe active in-
gredients also cause microbiological hazards. The findings in this study
is consistent with previous reports (Fu et al., 2020; Green et al., 1999;
Hoa et al., 2000) and confirms that quite a few probiotic products are
label inaccuracy and contain other bacteria including life-threatening
pathogens such as Klebsiella pneumonia (Fu et al., 2020).

Interestingly, Enterococcus faecium were also isolated from probiotic
products collected from geographically distinct regions in China (5th
column of Table 1). 18 probiotic products were contaminated by 15
E. faecium isolates, which suggests that E. faecium could be a crucial
source of probiotic contamination. Enterococci are commensal bacteria
in human and animal intestine and important opportunistic pathogens
with virulence potential (Franz et al., 2011). This raised some questions
on their safety due to the contamination or presence of enterococci in
probiotic products. Also, E. faecalis and E. faecium, have become an
increasing concern owing to their ability to obtain and spread antimi-
crobial resistance (Wang et al., 2020).

18 of 30 human products, 7 of 13 animal products and 3 of 7 plant
products were mislabeled or contaminated (1st column of Table 1). All 3
products from South Korea and Australia were also mislabeled or
contaminated. Contamination and mislabeling of probiotic products
remain as potential threat to the health of livestock as well as human
beings.

3.2. Distribution of toxin genes in Bacillus spp. Isolates

All Bacillus spp. isolates were negative for anthrax toxin gene cya and
parasporal crystal toxin genes cryl, cry2, cry3, cry4, cry7/8. Genes cya
and cry12347/8 were disseminated in B. anthracis and B. thuringiensis,
which have not been not identified in this study.

Different Bacillus spp. isolates from the same probiotic product
showed the distinct toxin genotypes. Among the 48 isolates of Bacillus
spp. identified in probiotic products (Table 1), 28 (58%) from 17 pro-
biotic products were positive for enterotoxin genes nheA, nheB, and nheC
(Table 2 and Fig. 1). All 28 isolates belonging to the B. cereus carried
nheA, nheB and nheC. 15B. cereus isolates (31%), 8 from human
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Table 2

MLST typing and toxin profile of 28B. cereus isolates from probiotic products.
Use in Isolate glpF gmk ilvD pta pur pycA tpi ST* Clonal complex” Toxin type
Plant 45a 5 4 3 4 15 6 16 32 - nheABC, cytk2
Human 3a 13 8 8 11 9 12 7 142 142 nheABC, hbICDA, cytK2
Human 9a 13 8 8 11 9 12 7 142 142 nheABC, hblCDA, cytK2
Animal 31b 13 8 8 11 9 12 7 142 142 nheABC, hbICDA, cytk2
Animal 3la 19 2 59 17 19 3 2 182 205 nheABC, cytK2
Human 14a 12 8 8 14 9 12 7 184 142 nheABC, hblCDA, cytK2
Human 22a 12 8 8 14 9 12 7 184 142 nheABC, hblCDA, cytK2
Animal 32a 12 8 8 14 9 12 7 184 142 nheABC, hbICDA, cytK2
Human 22b 51 14 21 5 19 3 2 185 205 nheABC
Animal 35a 51 14 21 5 19 3 2 185 205 nheABC
Animal 40a 53 2 59 5 47 3 2 1016 205 nheABC, cytK2
Animal 34b 19 2 31 5 19 3 91 1066 205 nheABC, cytK2, ces
Human 20b 33 8 8 10 2 17 17 1709 - nheABC, hblCDA, cytK2
Animal 41b 33 8 8 10 2 17 17 1709 - nheABC, hbICDA, cytK2
Human 28b 13 8 9 11 2 12 10 2150 142 nheABC, hbICDA, cytK2
Animal 33a 13 8 9 11 2 12 10 2150 142 nheABC, hblCDA, cytK2
Animal 4la 13 8 9 11 2 12 10 2150 142 nheABC, hblCDA, cytk2
Animal 38a 55 22 137 21 129 113 5 2444 - nheABC, cytK2
Human 14b 3 2 63 5 216 3 3 2445 - nheABC
Animal 39b 3 2 63 5 216 3 3 2445 - nheABC
Human 20a 48 216 33 37 44 31 287 2449 - nheABC, cytK2
Animal 33b 48 216 33 37 44 31 287 2449 - nheABC, cytK2
Human 28a 13 8 9 14 9 12 10 2450 - nheABC, hblCDA, cytK2
Animal 34a 13 8 9 14 9 12 10 2450 - nheABC, hbICDA, cytk2
Animal 35b 13 8 14 9 12 10 2450 - nheABC, hbICDA, cytK2
Human 19a 50 9 14 12 12 36 7 2452 18 nheABC, hbICDA, cytK2
Animal 32b 3 2 63 5 216 3 304 2655 - nheABC
Animal 39a 3 2 63 5 216 3 304 2655 - nheABC

? Newly designated STs (MLST sequence types) in this study were in bold italics.

b _ a clonal complex cannot be assigned.

probiotics and 7 from animal probiotics, were positive for haemolysin
BL genes hblC, hblD and hblA (Table 2 and Fig. 1). Generally, nheABC and
hbICDA genes were widely distributed among B. cereus isolates from
various origins except for probiotic origin (Cui et al., 2019). In recent
year, studies have been focused on toxin genes of probiotic Bacillus spp.
(Cui et al., 2020; Fu et al., 2020; Zhu et al., 2016). Similar to the pre-
vious studies, our observations suggested that nheABC and hblCDA have
been gradually prevalent in probiotic Bacillus spp. isolates.

Among the 48 isolates of Bacillus spp., 22B. cereus isolates (46%)
were tested as the positive for hemolytic cytotoxin K gene cytK2
(Table and Fig. 1), including the isolates from human, animal, and plant
probiotics. CytK is responsible for the severe food poisoning and that it
could cause necrotic enteritis (Hardy et al., 2001).

Only B. cereus 34b originating from an animal probiotic product were
positive for emetic toxin gene ces. Previously, one probiotic Bacillus,
B. cereus 28-2 from a plant probiotic was positive for ces (Cui et al.,
2020). Although the extremely stable cereulide is the leading toxin
genes of Bacillus spp., ces is rare in comparison of the prevalence of
nheABC and hbICDA (Cui et al., 2019; Fu et al., 2020).

For Qualified Presumption of Safety (QPS) status, demonstration of
the absence of virulence factors in probiotic strains is vital, according to
the guidelines suggested by the European Food Safety Authority (EFSA,
2018). Similar regulations for the safety assessment are available in
China, including “Principles for the establishment and application of
microbiological criteria for foods” (GB/T23784-2009) and “General
rules microbial feed additive” (NY/T 1444-2007). Paradoxically, genes
encoding enterotoxin and cytotoxin were prevalent in probiotic B. cereus
isolates in this study. The presence of toxin genes in isolates from pro-
biotics, in some cases potentially transmissible through horizontal
transfer, could contribute to prevalence of toxin genes among bacteria.

3.3. Hemolytic activity and cytotoxicity
Among 50 probiotic products, 34 (68%) exhibited hemolysis (Fig. 2).

No natural hemolysis of erythrocytes was observed during incubation of
erythrocytes with control (PBS) at 37 °C for 1 h and centrifugation at

3000 rpm for 10 min at 4 °C. Hemolysis rates of human, animal and
plant probiotic products were 63% (19/30), 69% (9/13) and 86% (6/7),
respectively. Thus, the surveillance of probiotics was apparently insuf-
ficient, possibility during the production process or the other contami-
nants existing in the probiotic products contributed to the hemolytic
activity.

Among isolates of 48 Bacillus spp. (Fig. 1), 28 (58%) showed he-
molysis with the various extent, including the maximum of 100% he-
molysis in B. cereus 35b from an animal probiotic, B. cereus 45a from a
plant probiotic, 90-99% of hemolysis rates in 18 B. cereus, and 73-89%
of hemolysis rates in 8 B. cereus. These 28 B. cereus isolates carried at
least one of the toxin genes including hblCDA, nheABC, cytK2, and ces
responsible for hemolysis.

For the purpose to distinguish the heat-labile enterotoxins and heat-
stable surfactin-like toxins (e.g., cereulide), the culture supernatants of
28 hemolysis-positive B. cereus were treated by boiling. 19 of 28 B. cereus
still exhibited hemolysis (Fig. 1), suggesting that these strains simulta-
neously produced heat-stable toxins, such as surfactin-like toxins, while
9 B. cereus merely produced heat-labile enterotoxins. 18 B. cereus are
likely to produce other novel heat-stable cryptic surfactins or other
metabolites with hemolytic activity, since only B. cereus 34b was posi-
tive for the major heat-stable toxin gene ces. This is agreement with the
recent study that several isolates from probiotics produced unknown
surfactin-like toxins, and showed the cytotoxicity in vitro and caused
intestinal inflammation in vivo (Cui et al., 2020). These new heat-stable
toxins remained to be identified because the potential determinants
accounting for unexpected phenotypes might exist, which could pose
latent threat to One Health. Interestingly, only the supernatant from
B. cereus 41a with the 99% of hemolysis still showed the extent of he-
molysis greater than 80% after boiling, which suggests the extremely
high-level expression of heat-stable toxin in B. cereus 41a.

As shown in Fig. 1 28 (58%) of 48 Bacillus spp. were cytotoxic. The
observation is consistent with previous findings that probiotic Bacillus
spp. carrying nheABC and hbICDA exhibited the cytotoxicity (Fu et al.,
2020; Zhu et al., 2016). Another supportive evidence is that animal feed
product Paciflor® C10 had been withdrawn because B. cereus from this
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Fig. 1. Distribution of toxin genes and cytotoxicity of 28 B. cereus isolates. H-Hemolysis, culture supernatant of B. cereus was heat treated and then tested the
hemolysis. Cytotoxicity, Vero cells were used to evaluate the cytotoxicity of B. cereus. For the detection of toxin gene, red color indicated isolate carrying the gene.
The hemolytic activity and cytotoxicity of isolate were shown in the color bar, positive values indicated with darker color, negative with brighter color. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Hemolytic activity in 50 probiotic products. Hemolysis rates of human, animal and plant probiotic products were 63% (19/30), 69% (9/13) and 86% (6/7),

respectively.

product produced the toxins, Hbl and Nhe (Duc et al., 2004).

In contrast, no hemolysis and cytotoxicity were observed, and no
presence of toxin genes was positively detected in 20 Bacillus spp. iso-
lates outside the B. cereus group, indicating the safety toward use of
these Bacillus isolates as potential probiotics.

3.4. Phenotypic characterization of antimicrobial resistance

All 48 Bacillus spp. isolates in this study were resistant to lincomycin,
and most of them shown lincomycin MICs of 16 pg/mL (Table 3A, 3B,

and supplementary data Table S1). Similarly, 95% Bacillus spp. isolated
from 34 probiotic products were resistant to lincomycin (Cui et al.,
2020). It’s worth noting that Bacillus spp. from probiotics were all sus-
ceptible to clindamycin (Zhu et al., 2016; Fu et al., 2020), since both
clindamycin and lincomycin belong to the lincosamide group and are
the most common drugs from this class used in treatment of Gram-
positive bacteria including Bacillus species (Rajeswaran et al., 2004;
Ikeda et al., 2015). However, 8 Bacillus spp. isolates showed the increase
of MIC levels of lincomycin (>64 pg/mL) (supplementary data
Table S1), indicating that the presence of the other resistance
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Table 3A
Antimicrobial susceptibility of 28B. cereus isolates from probiotic products.

Food Research International 139 (2021) 109949

Use in Isolate MIC (pg/mL)"
TGC TET LIN ERY STR GEN FFC LZD CIP VAN
Human 3a <0.5 <0.25 16 <0.25 1 <0.25 2 1 <0.125 1
9a <0.5 <0.25 16 <0.25 2 <0.25 2 1 <0.125 1
14a <0.5 4 16 <0.25 <0.5 <0.25 2 1 <0.125 1
14b <0.5 2 8 <0.25 2 0.5 2 1 <0.125 1
19a <0.5 2 32 <0.25 2 0.5 2 1 <0.125 1
20a <0.5 0.5 16 <0.25 1 <0.25 2 1 <0.125 0.5
20b <0.5 4 16 <0.25 1 <0.25 2 1 <0.125 1
22a <0.5 2 16 <0.25 2 <0.25 2 1 <0.125 1
22b <0.5 2 16 <0.25 2 <0.25 2 1 <0.125 1
28a <0.5 2 16 <0.25 2 0.5 2 1 <0.125 1
28b <0.5 2 16 <0.25 2 0.5 2 1 <0.125 1
Animal 3la 1 64 16 <0.25 2 <0.25 2 1 0.25 0.5
31b <0.5 0.5 16 <0.25 1 0.5 2 1 <0.125 0.5
32a <0.5 0.5 8 <0.25 2 <0.25 2 1 <0.125 1
32b <0.5 0.5 16 <0.25 1 <0.25 2 1 <0.125 1
33a <0.5 4 16 <0.25 2 <0.25 2 1 <0.125 1
33b <0.5 2 16 <0.25 2 0.5 2 1 <0.125 0.5
34a <0.5 <0.25 16 1 2 0.5 2 1 <0.125 1
34b <0.5 1 16 <0.25 1 <0.25 2 1 0.25 1
35a <0.5 1 16 <0.25 1 <0.25 1 2 <0.125 2
35b <0.5 1 16 <0.25 4 <0.25 1 1 <0.125 2
38a 1 4 16 <0.25 2 <0.25 2 1 <0.125 0.5
39a <0.5 0.5 16 <0.25 2 0.5 2 1 <0.125 0.5
39b <0.5 <0.25 16 <0.25 1 <0.25 2 1 <0.125 0.5
40a <0.5 <0.25 16 <0.25 2 <0.25 2 1 <0.125 1
4la <0.5 0.5 16 <0.25 <0.5 <0.25 2 1 <0.125 <0.25
41b <0.5 <0.25 16 <0.25 2 0.5 2 1 <0.125 1
Plant 45a <0.5 64 8 <0.25 1 0.5 2 0.5 <0.125 1
Total AR” 0% 0% 7.14% 100% 0% 0% 0% 0% 0% 0% 0%

# TGC, tigecycline; TET, tetracycline; LIN, lincomycin; ERY, erythromycin; STR, streptomycin; GEN, gentamicin; FFC, florfenicol; LZD, linezolid; CIP, ciprofloxacin;
VAN, vancomycin. The MIC breakpoints for tigecycline, tetracycline, lincomycin, erythromycin, streptomycin, gentamicin, florfenicol, linezolid, ciprofloxacin and
vancomycin are 0.5, 16, 4, 8, 8, 16, 8, 8, 4 and 32 pg/mL, respectively. The MICs over the breakpoint were in bold italics.

P AR, antimicrobial resistance. The percentage was the proportion of antibiotic-resistant isolates.

Table 3B

Antimicrobial susceptibility of 17B. subtilis group isolates and 3 Bacillus spp. isolates from probiotic products.

Bacillus sp. Use in Isolate MIC (pg/mL)
TGC TET LIN ERY STR GEN FFC LZD CIP VAN
B. subtilis Human 4a 0.25 1 64 0.125 2 <0.03 4 0.25 <0.03 <0.125
5a 0.25 0.125 4 <0.03 0.125 <0.03 4 0.25 <0.03 <0.125
8a 0.5 1 16 <0.03 2 <0.03 4 0.25 <0.03 <0.125
10a 0.25 0.125 8 <0.03 0.25 <0.03 4 0.25 <0.03 0.06
17a 0.5 2 32 <0.03 1 <0.03 2 0.125 <0.03 <0.125
23a 0.5 2 16 <0.03 2 <0.03 2 0.125 <0.03 <0.125
27a 0.25 1 16 <0.03 1 <0.03 2 0.125 <0.03 <0.125
Animal 32d 0.25 0.5 16 <0.03 1 <0.03 4 0.25 <0.03 <0.125
33d 0.25 0.5 16 0.06 2 <0.03 4 0.25 <0.03 1
35d 0.5 0.5 32 0.06 2 <0.03 2 0.125 <0.03 <0.125
37a 0.5 2 32 0.06 0.5 <0.03 2 0.125 <0.03 <0.125
42a <0.5 16 64 <0.25 1 <0.25 2 0.25 <0.125 <0.25
42b <0.5 0.5 >128 >128 4 <0.25 2 0.25 <0.125 0.5
Plant 49a 0.5 0.25 4 0.06 0.125 <0.03 2 0.125 <0.03 0.25
B. licheniformis Animal 31d 1 0.125 >128 >128 1 0.06 8 0.25 <0.03 <0.125
38b 0.5 0.125 >128 >128 0.5 0.125 4 0.25 <0.03 0.25
Plant 50a 0.5 0.25 >128 >128 1 0.06 2 0.125 <0.03 0.25
Bacillus sp. Animal 42d <0.5 16 64 <0.25 8 <0.25 2 0.25 <0.125 <0.25
42f <0.5 4 64 <0.25 8 <0.25 2 0.25 <0.125 0.5
43a 1 32 32 1 2 <0.25 1 0.125 2 1
Total AR® 0% 0% 15% 100% 20% 10% 0% 0% 0% 0% 0%

determinant might act synergistically to confer high-level lincomycin
resistance. It suggests Bacillus spp. in probiotics may have advantage in
acquisition of transferable lincomycin-resistant determinant (Lereclus
et al., 1983).

In contrast to isolates from animal and plant probiotics, Bacillus spp.
isolates from human probiotics were less resistant to antimicrobial
agents, such as streptomycin, erythromycin, and tetracycline. 5 Bacillus

spp. isolates were resistant to tetracycline. Majority of Bacillus spp. from
probiotics exhibited resistance to tetracycline mainly resulted of mobile
tetracycline resistance genes such as tet(B) and tet(45) as previous re-
ported (Cui et al., 2020; Fu et al., 2020; Zhu et al., 2016). All of these
studies indicated the presence of transferable resistance genes in pro-
biotic Bacillus spp. might potentially act as the reservoir of resistance
genes for other species and genera. In reality, Esporafeed Plus®
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containing probiotic B. cereus carrying a mobile tetracycline resistance
gene has been withdrawn from use in European countries as a feed ad-
ditive (SCAN, 2002). Meanwhile, product AlCare™ has been considered
unsafe for feeding swine, owing to the ability of B. licheniformis in this
product to transfer erythromycin resistance (Fagerlund et al., 2004).
Conclusively, besides the potential toxicity of probiotics, the spread of
antibiotic resistance to other bacteria and environment as a crucial
factor should be taken into consideration in the matter of probiotic
Bacillus spp. safety.

3.5. Molecular typing of Bacillus spp. Isolates

45 Bacillus spp. isolates from probiotic products were genotyped
using multilocus sequence typing (MLST), and no data available for the
remaining 3 Bacillus spp. isolates in MLST database because they do not
belong to B. cereus group or B. subtilis group. In B. cereus group, MLST
generated 15 sequence types (STs), 6 of which were newly designated in
this study, ST2444, ST2445, ST2449, ST2450, ST2452, and ST2655
(Table 2). All 15 STs were clustered into 3 clonal complexes (CCs), CC18,
CC142 and CC205 except for 13 singletons. All CC142 were found to
contain isolates carrying toxin genes nheABC, hbICDA, and cytK2
(Table 2). Interestingly, B. cereus 45a, the only one from a plant pro-
biotic belonged to ST32, which is significant difference to the typing of
the other 27 B. cereus isolates from human and animal probiotics. These
27 isolates from human and animal probiotics belonged to their specific
STs, with ST142, ST184, ST2150 and ST2450 (n = 3) being the most
prevalent, though the original resources were collected from different
products with different regions. Cereulide toxin gene ces was exist in an
animal probiotic B. cereus 34b with the specific sequence types
(ST1066).

For the isolates in B. subtilis group or other Bacillus spp. isolates
which are neither belonging to B. cereus group nor to B. subtilis group,
their results of MLST have shown in supplementary data Table S2 and
S3. All STs were singletons. 8 of 9 B. subtilis originating from human and
animal probiotics shared the same ST (ST1). Likewise, 4 of 5 B. velezensis
originating from human, animal, and plant probiotics have the same ST
(ST248), suggesting that these Bacillus spp. isolates probiotic might
originate from two clones.

4. Conclusions

The Chinese government has launched a pilot programme that aims
to eliminate the use of antimicrobial agents in livestock feed by 2020.
Bacillus spp. probiotics have been considered as the alternative to anti-
biotics for livestock production (Elshaghabee et al., 2017; Min-
gmongkolchai et al., 2018). Our study provides comprehensive evidence
for the potential risks due to label inaccuracy and high hemolytic ac-
tivity of 50 commercial probiotic products applied in human, food an-
imal and plant that were collected from geographically distinct regions
in China. The apparent observations of hemolytic activity, spread of
toxin genes, cytotoxicity, and antimicrobial resistance in Bacillus spp.
isolates from probiotic products alarmed the further efforts required in
the surveillance of risk factors, virulence factors and potential patho-
geneses in probiotic Bacillus spp.
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Abstract: The GRAS (generally recognized as safe) status of Enterococcus has not yet been authenti-
cated, but enterococci, as probiotics, have been increasingly applied in human healthcare and animal
husbandry, for instance as a dietary supplement, feed additive, or growth promotor. The food chain is
the important route for introducing enterococci into the human gut. The pathogenicity of Enterococcus
from probiotic products requires investigation. In the study, 110 commercial probiotic products
used for human, animal, aquaculture, and plants were examined, among which 36 enterococci were
identified, including 31 from Enterococcus faecium, 2 from E. faecalis, 2 from E. casseliflavus, and 1 from
E. gallinarum. Strikingly, 28 of the 36 enterococci isolated from probiotics here did not mention the
presence of Enterococcus in the labeled ingredients, and no Enterococcus isolates were found from
5 animal probiotics that were labeled with the genus. In total, 35 of the 110 products exhibited
hemolysis, including 5 (10.6%) human probiotics, 14 (41.2%) animal probiotics, 8 (57.1%) aquaculture
probiotics, and 8 (53.3%) plant probiotics. The detection rates of virulence factors associated with
adhesion, antiphagocytosis, exoenzyme, biofilm, and other putative virulence markers (PVM) in
36 enterococci were 94.4%, 91.7%, 5.6%, 94.4% and 8.3%. Twenty-six of the 36 isolated strains exhib-
ited biofilm formation ability, where 25 strains (69.4%) and one (2.8%) were strong and weak biofilm
producers, respectively. We analyzed the resistance rates against erythromycin (97%), vancomycin
and ciprofloxacin (8%), tetracycline (3%), and high-level aminoglycosides (0%), respectively. High
detection rates of msrC/lsaA (86%) and aac(6')-Ii (86%) were observed, followed by vanC (8%), tetM
(3%). The Tn5801-tetM-like integrative conjugative element (ICE) was identified in E. gallinarum,
exhibiting resistance to tetracycline (64 g/mL). Seven probiotic E. faecalis and E. faecium, as active
ingredients in human probiotics, shared the same STs (sequence types) and were distinct from the
STs of other contaminated or mislabeled enterococci, indicating that two particular STs belonged to
native probiotic isolates. These findings advocate appropriate assessments of enterococci when used
in probiotics.

Keywords: probiotics; enterococci; hemolysis; virulence factors; biofilm; antimicrobial resistance;
transposon ICE

1. Introduction

In the last few years, probiotics have been increasingly used in human, animal, aqua-
culture, and plant health worldwide. Probiotics are not only applied for healthcare, feed
additive growth promotion and so on, but are also emerging as novel therapeutic tools for

Microorganisms 2021, 9, 726. https:/ /doi.org/10.3390 /microorganisms9040726

https:/ /www.mdpi.com/journal/ %%rganisms



Microorganisms 2021, 9, 726

20f13

treating diseases such as FGIDs (functional gastrointestinal diseases) and septicemia [1,2].
The probiotic market in America is the most advanced, with China and Japan having
occupied over half of the Asia-Pacific probiotic sales for decades.

A probiotic is a live microorganism isolated from different genera and species and
is generally recognized as safe (GRAS) and effective. Among numerous microorganisms,
lactic acid bacteria (LAB) and Bifidobacterium are the most popular and widely utilized
as probiotic candidates worldwide. Enterococci, one kind of LAB, are commensal organ-
isms that are well suited to survival in the gastrointestinal tract of human and animal
and environments like water and soil. Enterococci have been identified as opportunistic
pathogens that cause various infections, among which approximately 80% are associated
with Enterococcus faecalis [3]. More importantly, the emergence and spread of vancomycin-
resistant Enterococcus (VRE) isolates presents serious therapeutic difficulty, owing to a lack
of effective antimicrobial therapy [4]. In fact, quite a few enterococcal strains have been
authorized as probiotics for use in pharmaceutical preparations or animal feed additives
for decades, such as E. faecium Medilac-Vita (treatment of infantile enteritis, China), E.
faecium SF68® (dietary supplementation for human and animal, Switzerland), E. faecium
Cylactin® (feed additive for animal, Switzerland), E. faecalis Symbioflor® 1 (treatment of
respiratory illness, Germany), and E. faecalis TH10 Dr. Ohhira® (dietary supplementation
for human, Republic of Estonia). However, the FDA (Food and Drug Administration)
of Taiwan, Province of China, has restricted the use of E. faecium and E. faecalis as food
supplements in probiotics since July of 2018, owing to the widespread of multi-resistant
enterococci, irrespective of origins and the isolated location. As Enterococcus has not yet
been authenticated with the status of GRAS by the FDA, a limited number of enterococci as
probiotics have been commercialized [5]. The mainly controversial issue of enterococci use
in probiotics is the risk of their pathogenicity, i.e., virulence genes and antibiotic resistance
genes (ARGs) of this genus being transferred horizontally to commensal gut microflora via
the food chain, and the lack of legislation [4,5].

In this study, we analyzed the contamination, label accuracy, and hemolysis of com-
mercial probiotic products for human, animal, aquaculture, and plant use. The hemolytic
activity, cytotoxicity, virulence factors, biofilm formation, antimicrobial resistance, and
molecular types of enterococci originating from these various products are analyzed. These
findings provide new scientific insights into the safety assessment of probiotic products
and enterococcal isolates.

2. Materials and Methods
2.1. Isolation and ldentification of Enterococcus spp. from Probiotic Products

The commercial probiotic products were collected between 2018-2020 (Supplementary
Table S1). After the solid probiotic products were fully ground, 2 g of probiotic powder
and 2 mL of the liquid probiotic product were suspended in 20 mL of sterile phosphate
buffered saline (PBS). The probiotic suspensions were cultured in the 500 uL brain heart
infusion (BHI) broth containing 6.5% NaCl and were incubated at 37 °C for 8 h for pre-
enrichment, and the inoculum size in the broth was 2%. Afterwards, the bacterial cultures
were spread on Enterococcus-selective media (Beijing Land Bridge Technology, Beijing,
China) and incubated at 37 °C for 18 h. Brown single colonies of each distinct phenotype
were sub-cultured in 1 mL BHI broth. Thereafter, the overnight cultures were diluted
and spread-plated onto agar plates so that the isolated colonies could be obtained for
further study.

Genomic DNAs were extracted from isolates using the TTANamp Genomic DNA Kit
(Tiangen Biotech, Beijing, China), and the 16S rDNA gene was amplified using bacterial
universal primers 27F and 1492R. The obtained sequences were analyzed using the nu-
cleotide basic local alignment search tool (BLAST) [6] at NCBI for further identification of
isolates from the probiotic products.
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2.2. Toxin Production, Hemolysis Detection, and Cytotoxicity Assays

Hemolysis tests and cytotoxicity assays were performed in order to assess the biologi-
cal safety of both the probiotic products and their Enterococcus isolates. After suspending
2 g of probiotic powder and 2 mL of the liquid probiotic in 20 mL of PBS, suspensions were
cultured in 10mL lysogeny broth (LB) medium at 30 °C, and the inoculum size in the broth
was 2%. Meanwhile, Enterococcus isolates were cultured with an identical inoculum size
in the broth. Both overnight supernatant cultures of probiotic products and isolates were
harvested by centrifugation at 13,000 rpm for 5 min and stored at —20 °C until used for
toxin production analysis.

The hemolysis of each probiotic product and isolate was determined according to
the method described previously with minor modification [7]. Briefly, sheep red blood
cells (SBCs) (Hongquan Bio, Guangzhou, China) were harvested by centrifugation at
3000 rpm for 10 min, followed by rinsing twice with PBS. After 8 vol % suspensions of
SBCs were prepared using PBS, the suspensions were mixed with equal volumes of culture
supernatants to generate final suspensions of 4% (vol/vol) SBCs, and then were incubated
at 37 °C for 1 h, then finally harvested by centrifugation at 3000 rpm for 10 min at 4 °C.
The 100-pL concentrate sample in each tube was transferred to a sterile 96-well plate and
the hemolytic activity was assessed by measuring the optical absorbance at ODsy4 with
a microplate absorbance spectrophotometer (Bio-Rad, Hercules, CA, USA). Human red
blood cells (RBCs) (Hongquan Bio, Guangzhou, China) were harvested by centrifugation
for 3000 rpm for 10 min, followed by rinsing twice with PBS. After the suspensions of RBCs
were prepared using PBS, the suspensions and molten LB agars (50 °C) were mixed in
sterile culture dishes to generate final agars of 5% (vol/vol) RBCs. The overnight cultures
of isolates were sub-cultured via streaking on RBC agar plates and were incubated at
37 °C for 48 h. Each plate was checked for single colony growth and assessment of the
hemolytic zone.

The 10 pL culture supernatants (for toxin production) of the isolates were used to test
the cytotoxicity on Vero cells as previously described [8]. The water-soluble tetrazolium
salt-8 (WST-8, MCE) method and a microscope were also used to determine whether
the isolates were cytotoxic. Vero cells were obtained from Professor Kui Zhu at China
Agricultural University. All tests were repeated three times and the significant difference
was calculated.

2.3. Antimicrobial Susceptibility Test

The microdilution broth method, as described by the CLSI (Clinical Laboratory and
Standards Institute) documents [9,10], was used to determine the susceptibility of En-
terococcus to 11 antimicrobial agents, including ampicillin, erythromycin, tetracycline,
tigecycline, ciprofloxacin, gentamicin, streptomycin, linezolid, florfenicol, vancomycin,
and teicoplanin. The MIC (minimum inhibitory concentration) ranges of the antimicrobial
agents and the resistance breakpoints of the antimicrobial agents were found via referral to
the CLSI documents.

2.4. Whole-Genome Sequencing

The whole genome of Enterococcus was sequenced on an Illumina NovaSeq 6000
platform with the 150 bp paired-end module, and the sequencing library was generated
using the VAHTS Universal DNA Library Prep Kit for Mlumina® (Vazyme ND604, Nanjing,
China) following manufacturer’s recommendations. High-quality reads were de novo
assembled using the SPAdes software v3.1.0 and annotated using the Prokka v1.12.0.

In order to screen isolates for the presence of virulence factors and ARGs, the core
genome tree of Enterococcus was constructed using panX (pan-genome-analysis pipeline),
and the whole genome of Enterococcus was analyzed using Blastn v2.11.0 (identity > 80%
and coverage > 80%) via the following databases, respectively: Virulence Factors of
Pathogenic Bacteria (VFDB) (accessed on 10, Dec 2020) [11], the reported virulence fac-
tors [12], ResFinder v4.0 [13], and PointFinder v4.0 [14]. MLST (multilocus sequence typing)
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of the seven housekeeping genes (gdh, gyd, pstS, gki, aroE, xpt, and yigL) for Enterococcus was
performed with Enterococcus MLST databases [15]. The allelic profiles and the sequence
types were generated by using the BLAST with the Enterococcus sequences in the MLST
database (https://pubmlst.org/databases/ (accessed on 10 December 2020)).

2.5. Biofilm Assay

Crystal violet assay biofilm mass was quantified using the crystal violet assay as
previously described [16]. E. faecalis JH2-2 was used as the quality control strain.

2.6. Statistical Analysis

GraphPad Prism version 8.3 was used for all statistical analysis. Hemolysis products
were tested with the unpaired t-test. Statistical significance was determined and recorded
as follows: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), or not statistically significant if p > 0.05.

3. Results and Discussion
3.1. Identification of Enterococci, Contamination, and Label Inaccuracy

The products were collected from South Korea, Australia, America, The Netherlands,
and 21 provinces/municipalities /autonomous regions (P/M/A) in China (Supplemen-
tary Table S1), covering more than half of the provincial administrative regions in China.
In total, 110 probiotic products, including 47 human products used for preventive care
and treatment, 34 animal products used for precaution, therapy, food additive, and excreta
degradation, 14 aquaculture products used for water purification, and 15 plant products
used for biocontrol and growth promotion, were examined. The active ingredients of all
products are described in Supplementary Table S1. Based on the colony morphologies of
selected media and 165 rDNA gene sequences from the whole genome sequence analysis,
36 Enterococcus spp. (31 E. faecium, 2 E. faecalis, 2 E. casseliflavus, and 1 E. gallinarum) were
isolated and identified from 110 probiotic products (Figure 1 and Supplementary Table S1).

Among all 13 products labeled with ingredients containing Enterococcus spp., no
Enterococcus was isolated from five animal products (No. 61, 63, 72, 78, and 79), while one
E. faecium isolate and one E. gallinarum isolate were identified in two animal products (No.
65 and 74) labeled with ingredients containing E. faecalis. Over half of the products labeled
with ingredients containing Enterococcus spp. were below the standard. This result is in
accordance with previous findings [17,18] where the active ingredient was missing in quite
a few probiotic products.

Furthermore, 26 E. faecium and 2 E. casseliflavus isolates were identified in 27 products
(from all four origins) labeled with ingredients not containing Enterococcus, suggesting
that these products were contaminated by these two species. Compared with E. faecalis,
E. faecium has a high frequency of multi-resistant phenotypes and composes the majority
of VRE infections [19]. Interestingly, E. casseliflavus and E. gallinarum, which are not
authorized for use in probiotics, were present in two probiotic products. Besides, the
overwhelmingly predominant species among enterococci, originating from diverse sources,
are E. faecalis and E. faecium [20,21]. Therefore, it is unknown how these probiotic products
were contaminated by E. casseliflavus and E. gallinarum. Since enterococci are widespread
in the intestinal tracts of mammals and birds, and also in water and soil [20], this could
explain the possibility of cross contamination by different Enterococcus sp. that are not listed
as an ingredient in the probiotics considered here. Usually, the isolation rates of E. faecalis
are higher than those of E. faecium, irrespective of the sample origin [4,20], while E. faecium,
with an isolation rate of 86%, was the predominant species in this study. Inappropriately,
quite a few probiotic products are directly labeled with ingredients containing LAB, thereby
causing confusion, since the term “LAB” includes several genera, such as Lactobacillus,
Streptococcus, Pediococcus, and Enterococcus. Label inaccuracy for products from all four
origins was also observed.
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Figure 1. Virulence genes, MLST (multilocus sequence typing), and biofilm mass profiles of 36 Ente-
rococcus spp. isolates from the probiotics. Note: (a) ND, no biofilm mass; PVM, putative virulence
marker. (b) The rule of strain name is the first number and represents the originated probiotic product,
and the latter number represents the isolated strain. (c) CC, clonal complex; the new STs (sequence
types) were labelled in italic; -, ST or clonal complex cannot be assigned. (d) In the heatmap, black
color indicates strain carrying the corresponding virulence gene. (e) PGC-1, a complete PGC-1 cluster,
including pil A, pilE, pilF, orf1903, 0rf1905, and orf1916; PGC-2, a complete PGC-2 cluster, including
0rf2008, orf2009, and orf2010; PGC-3, a complete PGC-3 cluster, including pilB, pilE, pilF, orf2568,
0rf2570, and orf2571.

Together, these findings are in accordance with previous studies [17,18,22] and confirm
that the cross contamination, label inaccuracy, and lack of active ingredients in probiotic
products, especially those for human use, could pose great risks to the health of humans
and livestock.

3.2. Hemolytic Activity and Cytotoxicity

As depicted in Figure 2, among 110 probiotic products, 35 (31.8%) showed hemolysis,
including 5 from human products (4.6%), 14 from animal products (12.7%), 8 from aquacul-
ture products (7.3%), and 8 from plant products (7.3%). In detail, 5 of 47 human products
(10.6%) exhibited hemolysis, with a maximum hemolysis rate of 93% for product No. 28.
Fourteen of 34 animal products (41.2%) exhibited hemolysis, with a maximum hemolysis
rate of 95% for product No. 48, while over one half of the aquaculture and animal products
exhibited hemolysis. The human products seem to be relatively secure, showing significant
differences (p < 0.05) in hemolysis when compared with products of the other three origins.

Although most of hemolytic isolates belong to E. faecalis and E. faecium, the leading
species in enterococcal infections, our results showed that no hemolysis or cytotoxicity
was observed for 36 Enterococcus spp., indicating that these Enterococcus isolates were
not responsible for the hemolysis activity of the products. There are different kinds of
bacteria and compounds that can cause hemolysis, such as Bacillus, which is used in
probiotics for humans and animals, showing cytotoxicity owing to Bacillus carrying the
heat-labile enterotoxins Nhe and Hbl [22,23]. To rule out the possibility of enterococci
belonging to the LAB group (also those that like to produce acid) producing hemolytic
toxins, both the probiotic products and enterococci were cultured in LB media instead
of lactobacilli MRS broths, and the pH values of each culture were confirmed overnight.
All cultures with a final pH between 6.0-8.0 were used for hemolysis detection. As a
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result, the hemolysis activity was caused by the products themselves, such as exotoxins
secreted by culturable bacteria or/and endotoxins released when bacteria were ruptured
or disintegrated. Nevertheless, the other ingredients in the product, or even contaminants
existing in the product, could contribute to the hemolysis as cryptic virulence factors. As
shown in Supplementary Table S1, over half of the products considered here contained
more than one bacterial species and the frequency of hemolysis was 60.0% in products
with genera of more than one class, and this was higher than those with a single genus.
Moreover, microflora in probiotic bacteria cultures are likely to play a synergistic role in
toxic substances. Based on these observations, it seems difficult to assess what potential
hemolytic factors might exist for probiotic products. Whole-process supervision is the most
important and effective measure to ensure the safety of probiotics.

Figure 2. The proportion of toxic products in 110 probiotic products from four origins. Among
110 probiotic products, 35 (31.8%) showed hemolysis, including 5 from human products (4.6%),
14 from animal products (12.7%), 8 from aquaculture products (7.3%), and 8 from plant products
(7.3%). Simultaneously, 5 of 47 human products (10.6%) exhibited hemolysis. In total, 14 of 34 animal
products (41.2%) exhibited hemolysis, while over one half of aquaculture and animal products
exhibited hemolysis. The human products showed significant difference (* p < 0.05) in the hemolysis
compared with the products of the other three origins.

3.3. Virulence Factors Associated with Adhesion, Antiphagocytosis, Exoenzymes, and Biofilm Mass

Although no toxic phenotypes of the isolates were observed in terms of hemolysis
and cytotoxicity, the virulence genotypes of 36 Enterococcus spp. were determined. A
brief introduction of virulence factor functions is described in Supplementary Table S2.
Except for the factors associated with exoenzymes only detected in two probiotic E. faecalis
from human products (5.6%), the virulence factors associated with adhesion (94.4%), an-
tiphagocytosis (91.7%), biofilm formation (94.4%), and other PVM (8.3%) were extensively
identified in enterococci isolated from human, animal, aquaculture, and plant probiotics
(Figure 3). The prevalence rates of factors associated with adhesion, antiphagocytosis,
and biofilm formation in enterococci from human, aquaculture, and plant probiotics were
47.2%, 8.3%, and 13.9%, respectively, while these three factors in enterococci from animal
probiotics were 25%, 22.2%, and 25%, respectively. Interestingly, all enterococci isolates did
not cause hemolysis or cytotoxicity. It could be explained because no exotoxin factor, such
as cytolysin, resulting in lysing erythrocytes and gram-positive bacteria, was observed in
36 Enterococcus spp.

134



Microorganisms 2021, 9, 726

7 of 13

Figure 3. The virulence profile of 36 Enterococcus spp. isolates from four origins. The detection rates of virulence factors

associated with adhesion, antiphagocytosis, exoenzyme, biofilm, and other PVM in 36 Enterococcus spp. were 94.4%, 91.7%,

5.6%, 94.4%, and 8.3%. In the above diagrams, negative indicates an isolate not carrying the corresponding virulence

gene. Except for factors associated with exoenzymes merely detected in two probiotic E. faecalis from human products

(5.6%), prevalence rates of factors associated with adhesion, antiphagocytosis, and biofilm in enterococci from human,

aquaculture, and plant probiotics were 47.2%, 8.3%, and 13.9%, respectively, while these three factors in enterococci from

animal probiotics were 25%, 22.2%, and 25%.

After screening each isolate for the presence of major virulence genes, the results showed
that efaA, BopD, and uppS were all detected in E. faecium and E. faecalis (Figure 1). This was
evidenced by the widespread occurrence of these virulence factor-associated proteins
in enterococci, whereas 28 virulence factors were rarely detected in E. casseliflavus and
E. gallinarum. Similarly, numerous virulence factors in the genus were mainly found in
species of E. faecalis and E. faecium isolates from diverse sources, except from probiotic
products [24]. It seems that ace, ebp, fss, salA, salB, cdsA, fsrC, and three exoenzyme factors
were restricted to E. faecalis here. In all E. faecalis, genes of gelatinase (GelE), serine protease
(SprE), and hyaluronidase were active, so these may contribute to host tissue invasion.
Because hyaluronidase produced by enterococci isolated from patients with abscesses has
been described as a spreading factor for worms [25], this supports the importance of this
exoenzyme in the infection process. Especially, the probiotic isolates E. faecalis 38-1 and
39-1 were indicated as the active ingredients in human probiotic products No. 38 and 39
(Supplementary Table S1), rather than contaminants, and this represents a significant threat
to the health of food and humans because of this positive genotype.

Genes associated with biofilm formation and quorum sensing (QS) were found in 34
Enterococcus spp. (94.4%). The Gene bopD, involved in biofilm production, was widespread
in E. faecium. Gene encoding sortase (Srt), which is important for the biofilm production of
E. faecalis, has been isolated from a patient with endocarditis [26] and has been found in 19%
of enterococci. Simultaneously, gene encoding endocarditis and biofilm-associated pili (Ebp
pili, ebp), which are not only important for adherence to host extracellular matrix proteins
(including fibrinogen and collagen), but also play an important role in endovascular
infection [26], were also found in probiotic E. faecalis of human probiotic products No.
38 and 39. By contrast, the bee gene (biofilm enhancer in Enterococcus), which has been
confirmed to confer a high biofilm-forming phenotype to E. faecalis [27], was found in five
isolates of E. faecium and one isolate of E. casseliflavus here.

The biofilm formation of enterococci represents a critical safety issue in both the
healthcare field and the food industry, since E. faecalis isolated from endocarditis produces
biofilms significantly more often than nonendocarditis Enterococcus [28]. In total, 26 of 36
enterococci (72.2%) exhibited an ability of biofilm formation, where 69.4%, 0%, and 2.8%
of them were strong, moderate, and weak biofilm producers (Table 1). The enterococci
isolated from animal probiotics showed a significantly higher frequency of strong biofilm
formation when compared with enterococci isolated from the other three origins. Notably,
among 36 enterococci, two E. faecalis (38-1 and 39-1) and four E. faecium (4-1, 5-1, 6-1, and
7-1) strongly formed biofilms and were all listed as active ingredients in human probiotics.
The widespread presence of the biofilm phenotype in enterococci, irrespective of origin,
suggests interspecies transmission of biofilm-associated genes.
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Table 1. The strength of biofilm formation among 36 Enterococcus spp.

Origin Strong Biofilm h;?g;fﬁ:e Weak Biofilm Total
Human 11/17 0 0 11/17
Animal 9/11 0 1/11 10/11
Aquaculture 2/3 0 0 2/3
Plant 3/5 0 0 3/5
Total 25/36 0 1/36 26/36

The food chain has been considered as an important source for the dissemination of
enterococci to humans and animals. In many cases, the oral administration of probiotic
Enterococcus carrying potential virulence factors for patients with immunodeficiency syn-
drome, diarrhea, or IBD (inflammatory bowel disease) may cause significant infections and
diseases, such as endocarditis and bacteremia [4]. Based on these observations, we specu-
late that the production of different virulence factors may be beneficial for the survival of
Enterococcus spp. in diverse environments and is likely to contribute to enterococci being
the predominant contaminants during production processes for probiotic products. For a
Qualified Presumption of Safety (QPS) status, the EFSA (European Food Safety Authority)
requires demonstration of the absence of virulence factors of probiotic strains. Adhesion,
hemolysin, hyaluronidase, biofilms and so on are putative virulence factors which should
be included in Enterococcus because they are likely to be transferred to the gut microflora of
humans and animals via the oral administration of probiotics, and eventually contributing
to the environmental reservoir of virulence factors.

3.4. Antimicrobial Resistance and Genetic Environment of tetM

The MIC breakpoints for ampicillin, erythromycin, tetracycline, tigecycline, ciprofloxacin,
linezolid, florfenicol, vancomycin, and teicoplanin are 16, 8, 16, 0.25, 4, 8, 32, 32, and
32 ug/mL, respectively. As shown in Figure 4 and Supplementary Table S3, 35 of 36
Enterococcus spp. (97%) were resistant to erythromycin, which is in accordance with the
results of 86% enterococci either carrying msrC or IsaA, which is intrinsic to E. faecalis and
confers low-level macrolide resistance [29,30]. No ARG associated with macrolides was
observed in E. casseliflavus 64-1 and 53-1, indicating that a novel determinant could play a
part in the erythromycin phenotype in 64-1 and 53-1. Notably, most infective E. faecium
isolates are ampicillin resistance with an MIC of ampicillin of >16 pg/mL [31]. On the
other hand, a strain that has an MIC of ampicillin of <2 pg/mL and lacks all 1516, esp
and hyl genes should be regarded as safe [12]. Overall, 27 of 36 enterococci (75%) had an
MIC of ampicillin of >2 pg/mL, and 8 E. faecium were found to have the mutations of pbp5
conferring ampicillin resistance, which may be a potential risk factor associated with the
prevalence and distribution of ARGs of probiotic enterococci.

The result that only a few isolates exhibited low-level resistance to vancomycin (8%)
and ciprofloxacin (8%) is opposite to the majority of findings that have suggested that E.
faecalis and E. faecium originated from the other sources, such as animals, water, and soil,
have multidrug resistance phenotypes and high-level antimicrobial resistance. Among
six known genes (vanA, vanB, vanC, vanD, vanE, and vanG) of glycopeptide resistance in
Enterococcus spp., vanA is the most important and prevalent enterococcal ARG and confers
high-level vancomycin and teicoplanin resistance to E. faecium and E. faecalis (namely
VRE) [4]. No Enterococcus was positive for vanA, whereas vanC, conferring low-level
vancomycin resistance [32], was detected in the less commonly encountered E. casseliflavus
and E. gallinarum strains (Supplementary Table S3). Unexpectedly, 33 (2 E. faecalis and
31 E. faecium) of 36 enterococci were negative for vanC, which is an intrinsic trait of E.
casseliflavus and E. gallinarum [33]. Generally, both E. gallinarum and E. casseliflavus are less
pathogenic and show lower antimicrobial resistance than E. faecium and E. faecalis, but E.
gallinarum and E. casseliflavus carrying vanC may influence host immunity, as suggested
in recent reports [32]. No ARG conferring ciprofloxacin resistance was observed in 36
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Enterococcus spp., suggesting that the ciprofloxacin resistance found in three enterococci
may be associated with mutations in the quinolone resistance-determining region (QRDR)
of the gyrA gene.

Figure 4. Major antimicrobial resistance phenotype (AR, antibiotic resistance) and genotype (ARGs,
antibiotic resistance genes) in 36 enterococci. Resistance rates against erythromycin (97%), van-
comycin and ciprofloxacin (8%), tetracycline (3%), and aminoglycosides (0%) were found in 36 entero-
cocci, respectively. * indicates an isolate with an MIC of ampicillin of >2 ug/mL. High detection rates
of msrC/lsaA (86%), aac(6')-1i (86%), followed by pbp5 (22%), vanC (8%), tetM (3%), and ciprofloxacin
resistance gene (0%) were observed, respectively.

Intrinsic antimicrobial resistance of enterococci includes aminoglycosides [33], and no
isolate with high-level gentamicin resistance (HLGR) or high-level streptomycin resistance
(HLSR) was presented in this study. Generally, the frequency of HLGR of isolates that
exhibited high rates of multiple antibiotic resistance was higher than HLSR in entero-
cocci [34,35], and both HLGR and HLSR were much more frequently detected in VRE [36].
However, 30 of 31 E. faecium were positive to aac( 6')-Ii, which is intrinsic and specific for E.
faecium and encodes an aminoglycoside 6'-N-acetyltransferase, conferring medium levels
of most aminoglycosides [37].

Similarly, as reported in many studies [4], both the genotypes and phenotypes as-
sociated with erythromycin, vancomycin, and aminoglycoside resistance are intrinsic
to enterococci. In contrast, only one Enterococcus, E. gallinarum 74-1, from an animal
probiotic product, showed an intermediate level in the MIC (64 ug/mL) of tetracycline,
and tetM was involved in acquired resistance of Enterococcus to tetracycline (Figure 4,
Supplementary Table S3). The genetic environment of tetM in E. gallinarum 74-1 was further
determined. The sequence of a chromosomal element of 24,265 bp containing the fetM
gene and site-specific integrase was inserted between the gene encoding LPXTG cell wall
anchor domain-containing protein (accession no. WP_142972242) and guaA, encoding
glutamine-hydrolyzing GMP synthase, and the G + C content of this element was 35%
(Figure 5), which is significantly lower than that (40.5%) of the entire genome of E. gal-
linarum ASM214049v1. This unique element, having a central region and carrying the
gene tetM, the only ARG in the element, exhibited an overall nucleotide sequence identity
of 99.9% to the tetM transposon of E. avium FDAARGOS184 (accession no. CP024590),
E. faecalis CVM N60443F (accession no. CP028724), and S. aureus NF25 (accession no.
CP035415) [38], and thus belonged to the Tn5801-like ICE (integrative conjugative element).
Interestingly, Tn5801 of E. faecium E240 (accession no. KP001176) integrated into tetM, re-
sulting in tetM being truncated and showing no tetracycline phenotype (Figure 5). Tn5801,
originally detected in Staphylococcus aureus, was a Tn916 family element in which the genes
int and xis in Tn916 were replaced by a unique int gene (intsgo1) [39]. Importantly, a similar
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transposon ICE was also observed in VRE isolates (Figure 5) [38]. Enterococcus, particularly
VRE, has the ability to transfer ARGs to produce frequent virulence characteristics, such as
hemolysin, hyaluronidase, and adhesion [40].
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Figure 5. Tn 5801-like ICE in E. gallinarum 74-1 compared with selected transposon ICEs (integrative
conjugative elements) from VRE (vancomycin-resistant Enterococcus), other enterococci, and S. aureus.
The gray shading indicates regions sharing more than 99% DNA identity. The tetM gene was
truncated into two parts in Tn5801 of E. faecium E240.

In short, some enterococci of different origins may be from very diverse genetic
lineages and environments, but the genus is capable of rapidly acquiring ARGs and mobile
genetic elements, resulting in the dissemination of antibiotic resistance (AR) and ARGs
among isolates, irrespective of their source or location.

3.5. Molecular Typing among Probiotic Isolates and Contaminated or Mislabeled Isolates

Among 33 E. faecalis and E. faecium, MLST yielded 13 sequence types (STs) (Figure 1),
four of which, ST1615, ST1620, ST1616, and ST1694, were newly assigned in this study. No
E. casseliflavus and E. gallinarum data were available according to the MLST database. All
13 STs, except for 15 singletons, were clustered into one clonal complex: CC94. Notably, all
seven probiotic E. faecalis and E. faecium as active ingredients in human probiotic products
shared the same STs (25 and 812, respectively), which were distinct from the STs of the other
contaminated or mislabeled enterococci in probiotic products, indicating that these two
particular sequence types belong to native probiotic isolates. MLST analysis of probiotic
strains and isolates from probiotic products could thus be recommended to provide some
indication as to whether the strain or isolate belongs to a problematic lineage.

4. Conclusions

This study provides comprehensive evidence for the hemolytic activity, label inaccu-
racy, high level of contamination of E. faecium, and the lack of active ingredients in probiotic
products for human, animal, aquaculture, and plant use. Our findings also showed that
virulence traits, a strong biofilm formation ability, and ARGs, particularly those carrying a
transposon ICE, can be found in probiotic E. faecalis and E. faecium and other contaminated
enterococci, irrespective of their origin, suggesting that such virulence factors and antimi-
crobial resistance determinants may transfer into the gastrointestinal system in humans and
animals. Thus, in future worldwide applications of probiotics, our findings suggest that the
probiotic potential of enterococci requires appropriate assessment to exclude the presence
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of virulence factors, antimicrobial resistance traits, and gene transfer risk, especially in
countries where enterococci are commercialized as probiotic products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9040726/s1, Table S1: Information of commercial probiotic products, Table S2:
Brief introduction of virulence factor function, Table S3: Genotype and phenotype of antimicrobial
resistance in 36 Enterococcus spp. Isolates.
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abstract

Probiotic products containing living microorganisms are gaining popularity, increasing the importance of
their taxonomic status. A Bacillus-like isolate, 70 b, cultured from a probiotic feed additive, was ambiguity
in taxonomic assignment and could be a novel member of Bacillus cereus group. The results of colony and
cellular morphology, physiological and biochemical analysis mainly including growth performance,
carbon source utilization, and rMLST and MLST were not conclusive. Fatty acids profile and molecular
genetic analysis especially ANI, DDH, and core genome SNPs-based phylogenetic tree confirmed 70 b as
one novel species of B. cereus group and proposed as Bacillus pfraonensis sp. nov. Comparative genomic
analysis revealed the genetic differences between 70 b and other species of B. cereus group. Pseudo-
mycoicidin was identified in 70 b. 70 b was active against multidrug-resistant pathogenic strains MRSA.
The findings support 70 b is a novel species with low cytotoxicity and antimicrobial activity, and provides
a better understanding of its unique characteristics and probiotic potential, and exploration of bioactive

potential.

© 2023 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Bacillus species have long usage history of consumption and safe
use as probiotics and plenty of formulations containing these living
microorganisms are available in the global market [1,2]. However,
not all Bacillus strains are suitable for probiotics [1,2]. Several spe-
cies have been implicated as foodborne pathogens, the most
common being Bacillus cereus. B. cereus belongs to the B. cereus
group which comprises the species such as B. cereus, Bacillus
thuringiensis, Bacillus anthracis, Bacillus cytotoxicus, Bacillus
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mycoides, Bacillus pseudomycoides, and Bacillus toyonensis. Genus
Bacillus used commercially as probiotics are mainly the Bacillus
subtilis group, the B. cereus group, followed by Bacillus coagulans,
and Bacillus pumilus. Products containing probiotic bacteria are
gaining popularity and need to be increasing the importance of
their taxonomic status.

A polyphasic taxonomic approach for bacterial identification is
essential to a genus or species description, which emphasizes the
use of classical methods, and chemotaxonomy combined with
modern genetic fingerprinting [3]. Classical methods focus on
morphological, physiological, and biochemical features of bacterial
strain. The classification based on chemical constituents such as
fatty acid and polar lipid composition is known as chemotaxonomy
[4]. Various genetic markers (panC gene, parasporal crystal genes,
and housekeeping genes) and genomic information (Pan-genome,
GC content, and average nucleotide identity) have been widely used
to identify the genetic diversity of Bacillus populations [5].

The discovery of novel species of the genus Bacillus has been
widely distributed and isolated from a wide range of sources

0923-2508/© 2023 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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mainly including natural environments such as water and soil [6,7].
It could be explained because Bacillus spp. are ubiquitous in nature
and usually found in soil, water, air, and food [8]. Until now, the
B. cereus group contains 22 species of phylogenetically closely
related, of which the newly reported species was Bacillus clarus
redefined from Bacillus fungoides [9]. Among them, B. cereus,
B. anthracis and B. thuringiensis showed greater than 99% and
75e80% nucleotide sequence similarities in 16 S rRNA genes, and
core genes, respectively [10]. However, the phenotypic differences
among these 3 species of the B. cereus group were highly significant
due to the types of virulence related plasmids [11,12]. In the present
work, we found a taxonomic ambiguous Bacillus isolate 70 b
cultured from a commercial feed additive, with slightly morpho-
logical, physiological, biochemical, and genetic differences from the
other B. cereus species. We supposed that 70 b was a novel strain of
B. cereus group and need to comprehensively characterized in order
to gain a better understanding of its taxonomic status, microbio-
logical characteristics, and application potential.

2. Materials and methods
2.1 Isolation of Bacillus sp. and genomic DNA

The commercial probiotic products were purchased from online
and physical retailers. The powder and solution of probiotic prod-
ucts were re-suspended in phosphate-buffered saline (PBS) solu-
tion at the ratio of 1:10 (V: V), then the suspension was spread on
solid B. cereus-selective chromogenic media (CHROMagar, France)
and incubated at 37 °C for 12e24 h. The blue and white colonies
with white halo and ground glass appearance were preliminarily
identified as Bacillus sp. isolate. Single colonies of each dissimilar
phenotype were subcultured in LuriaeBertani (LB) medium
(Hopebio, China), and their genomic DNAs were extracted using the
TIANamp Genomic DNA Kit (Tiangen Biotech, China). In addition,
the isolate culture was tested for haemolysis on agar plate with 10%
sheep blood incubated at 30 °C for 24 h, and spread on MYP
(mannitol egg yolk polymyxin) agar plate for lecithinase activity
determination.

2.2. Morphology characterization of Bacillus sp. isolate

Scanning electron microscope (SEM). The bacteria in the loga-
rithmic growth phase were collected by centrifugation and washed
twice with PBS solution, and suspended in 1 mL PBS solution and
applied onto a cover glass, which was then soaked in glutaralde-
hyde solution overnight to fix the bacterial cells. Subsequently, the
overnight bacterial cells were fixed in 0.5% osmic acid for 30 min,
followed by dehydration in gradient ethanol (30%, 50%, 70%, 80%,
and 90%), 10 min for each step. After the gradient dehydration
treatment, the samples were dried through critical point drying in
order to remove residual water and solvent, and then sputter
coated with Au. Morphology of the product was observed by field
emission SEM (FEI company, Hillsboro, Oreg., USA).

Transmission electron microscopy (TEM). The bacteria in the
logarithmic growth phase were collected by centrifugation and
washed twice with PBS solution, and then fixed with 4% glutaral-
dehyde and 2% paraformaldehyde in PBS solution (pH 7.0) at 4 °C
overnight. The fixed bacteria were embedded in 1.5% low temper-
ature melted agar, post-fixed with 1% osmium tetroxide (OsO4),
block stained in 0.5% aqueous uranyl acetate, and dehydration with
gradient ethanol. The samples were then transferred in acetone and
embedded in Spurr's resin. 70 nm ultra-thin sections were collected
with copper grids, and stained with uranyl acetate and lead citrate.
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The stained grids were inspected and images by Thermo Fisher
Talos L120C TEM.

Optical microscopy. Bacterial smears were stained with basic
fuchsin as previously described [13]. The LEICADM2500 optical
microscope (Leica, Germany) and the software ACDsee V5.0.1.006
were used to obtain images from the stained smears.

2.3. Physiological and biochemical tests of Bacillus sp. isolate

The determination of physiological characteristics of the isolate
including growth temperature, growth pH, salt tolerance concen-
tration, hemolysis, decomposition ability of lecithin and casein,
motility, nitrate reduction, catalase activity, lysozyme tolerance, VP
(VogeseProskauer) test, and parasporal crystal formation was
performed as previously described [9,14]. Types of carbon source
utilization, and acid production of the isolate were identified by API
20E/50CHB kit (BioMérieux) biochemical test according to the
manufacturer's instructions. The isolate was further characterized
using the software APl web V4.1 (Biomérieux).

Fatty acid profile from Bacillus sp. isolate was determined by gas
chromatography according to technical standard of Guangdong
Institute of Microbiology (WJA07-2002). The analysis instrument
was gas chromatography Agilent GC6850 6890 GC System coupled
to the software Sherlock™ MIDI (Microbial Identification System),
with a flame ionization detector (FID) and a column 1707 [15].

2.4. Genome sequencing, assembly, and comparisons of Bacillus sp.
strain

Genome was purified by gel electrophoresis, and the sequencing
library was constructed. The whole genome of Bacillus sp. strain
was sequenced on an lllumina NovaSeq 6000 platform using a
2 x 150 bp read length and a sequencing depth of 400 x . High-
quality reads were de novo assembled using denovo softwares
SPAdes and velet. The assemblies were integrated using CISA
(contig integrator for sequence assembly) to generate the final as-
sembly results. Protein-coding genes were predicted using Prokka
(rapid prokaryotic genome annotation).

PCR amplification of the 16 S rRNA gene from genomic DNA was
performed with universal primer set combinations: 27 F and
1492 R. Phylogenetic tree was generated using 20 gene sequences
showing the highest sequence similarity scores after Nucleotide
BLAST of 16 S rRNA genes, and constructed by the neighbor-joining
method with 1000 bootstrap replicates using the software MEGA X.

rMLST (ribosomal multilocus sequence typing) analysis. For
improved discrimination of genotype of the isolate, the rMLST
profile was evaluated using a BLAST-based approach (https://
pubmist.org/). The most likely bacterial taxon was predicted
based on the matched sequence of the bacterial ribosome protein
subunit (rps gene).

ANI (average nucleotide identity) analysis. The characteristic of
ANI based on the whole genomes from 23 strains of Bacillus species
was analyzed using the software pyani.

Core genome SNPs-based phylogenetic tree. The core homolo-
gous sequences among the strains were identified by software
panX, and the aligned core sequences were concatenated into one
data set. The phylogenetic tree of the novel species with the highest
score was constructed using maximum likelihood method with
1000 bootstrap replicates by software RAXML.

Comparative genomics. Functional annotations of large sets of
gene sequences were obtained based on fast orthology assignments
using precomputed clusters and phylogenies from the EggNOG
database. E-value = 1le-5 was set as the threshold, and the highest
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score sequence was mapped to the corresponding coding region for
COGs (clusters of orthologous groups of proteins) annotation. The
software PAGP-X compared genes annotated by COGs, and obtained
the functional classifications of genes among strains.

Other genomic functional annotation. The molecular basis of
antimicrobial resistance was predicted by CARD (comprehensive
antibiotic resistance database). Comprehensive information on
bacterial virulence factors was predicted by VFDB (virulence factors
database). In addition, antimicrobial activity as well as secondary
metabolite biosynthesis clusters were predicted by antiSMASH
(antibiotics & Secondary Metabolite Analysis Shell). ST genotype,
classification based on panC gene sequence similarity, virulence
gene analysis, and taxonomic status were obtained using BTyper.

The whole genome shotgun annotation of Bacillus sp. strain 70 b
has been deposited at GenBank under the accession
JAHCDOO000000000. The version described in this paper is version
JAHCDO000000000.70 b has been deposited in the Guangdong
Microbial Culture Collection Center and the strain number is
GDMCC 61211

2.5. Detection of enterotoxin expression, and cytotoxicity assay, and
antibacterial assay

Toxin production of the isolate was prepared as previously
described [16]. Detection of hemolysin activity and non-hemolytic
enterotoxins was performed with Duopath® Cereus Enterotoxins
(Merck) according to manufacturer's instructions. The cytotoxicity
of toxin production was detected based on previously described
[16]. Briefly, Vero and HepG2 cells were grown in minimum
essential medium (MEM) (Invitrogen, USA) supplemented with 10%
fetal bovine serum at 37 °C under a 95% air/5% CO, atmosphere. The
toxin production was serially diluted and co-incubated with the
cells for 24 h at 37 °C. After the incubation, the toxicity was
determined using water-soluble tetrazolium salt-8 (WST-8, MCE)
method and a microscope was also used to determine whether the
isolate was cytotoxic.

In order to determine whether Bacillus sp. strain inhibited
growth of other bacteria in vitro, the Oxford cup assay was per-
formed to evaluate the antibacterial efficacy of 70 b metabolite as
described previously [17]. Briefly, we collected the metabolite of
70 b by extraction three times with equal ethyl acetate. Indicator
bacteria including Staphylococcus aureus, Enterococcus faecalis, and
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Bacillus were suspended in PBS at the bacterial density of 0.5
McFarland standard and spread uniformly on Mueller-Hinton (MH)
agar plates. The metabolite of 70 b was added into the oxford cup
and incubated overnight at 37 °C. The zone of inhibition to different
strains were measured and recorded. All the experiments described
above were repeated three times.

3. Results and discussion
3.1. Preliminary isolation and identification of Bacillus sp. 70 b

Commercial probiotic products used for human, animal, plant,
aquaculture, and environment were purchased from online and
physical retailers all over the country. Several bacterial colonies of a
probiotic feed additive used for food animal were isolated and
exhibited similar growth plate morphology (color, shape of edge,
and type of upward growth) on selective media plate. The colonies
showed 100.0% nucleotide sequence similarity in 16 S rRNA genes,
suggesting that they have originated from one single clone. Thus,
one bacterial isolate, designated 70 b was chosen.

Phylogenetic tree based on the analysis of 16 S rRNA gene se-
quences from Bacillus species revealed that Bacillus sp. isolate 70 b
was distinct from the other Bacillus (Fig. 1). The results showed that
70 b was closely related to type strains Bacillus bingmayongensis
FIAT-13831 (NZ_JH921517) and B. pseudomycoides DSM 12442
(CM000745) (both above 99.9% sequence similarity), and B. cereus
group strains. B. bingmayongensis isolated from the pit soil of Em-
peror Qin's Terra-cotta Warriors in China, was one novel species of
Bacillus proposed in 2014 by the polyphasic taxonomic approach
[14]. Differences in 16 S rRNA gene sequence, as well as in pheno-
typic characterization, confirmed that Bacillus sp. 70 b may repre-
sent a distinct species [18].

3.2. Description of B. pfraonensis sp. nov. 70 b

Colonies of Bacillus-like strain 70 b on LB agar plate incubated
aerobically at 30 °C for 24 h were similar to those typical of B. cereus
group isolates, about 2e3 mm in diameter, irregular rough, non-
transparent, and rounded shapes, faint yellow, dry wrinkled with
frosted glass appearance (Fig. 2a). The prevalence of the hemolytic
enterotoxin complex Hbl causing b-hemolysis was determined in
all species of the B. cereus group with the exception of B. anthracis

Fig. 1. Phylogenetic tree of 16 S rRNA genes based on neighbor-joining method. Notes: Only the results with bootstrap values > 50 were shown. The scale represented the sub-

stitution rate of each nucleotide, which was 0.01. 7, the type strain of the genus Bacillus.

3
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Fig. 2. Colonies and cell morphology of Bacillus-like strain 70 b. Notes: (a) Colonies of the fresh culture grown in LB agar. (b) Colonies of the fresh culture grown in agar with 10%
sheep blood. (c) Colonies of the fresh culture grown in MYP agar. (d) Morphology when vegetative cells stained with basic fuchsin and observed under brightfield microscopy with a
100x oil immersion objective. () Morphology when spores observed under a microscope immersion oil. (f) Cellular morphology was observed under TEM. Accumulation and the
morphology of inclusion bodies were examined. (g) Cellular morphology was observed under SEM.

[19]. A clear hemolytic circle surrounding the colonies of 70 b on
agar plate with 10% sheep blood was observed (Fig. 2b), indicating
that 70 b had b-hemolytic activity and may have a greater pro-
pensity to cause disease in infected hosts. The lecithinase activity is
visualized as a halo of precipitation on MYP agar, and lecithinase
precipitation circle was around the colonies of 70 b (Fig. 2¢) sug-
gesting 70 b possessing the enzyme lecithinase broke down lecithin
to insoluble diglyceride and phosphorylcholine.

70 b was spore-forming, nonbranching, and facultatively
anaerobic gram-positive short rods, approximately 2.0e4.0 mm in
length and about 1.0 mm in diameter (Fig. 2d and g). The short rods
appeared singly, in pairs, or in short chains. No flagellum, pili, and
parasporal crystal were observed. A large number of spores could
be obtained after 1e2 h of stationary-phase culture (Fig. 2e), while
lots of carbohydrate inclusion bodies appeared in vegetative cells of
70 b (Fig. 2f). 70 b cells may present poly-b-hydroxybutyrate in-
clusion body-associated proteins of widely ranging sizes.

3.3. Physiological and biochemical characteristics of Bacillus-like
strain 70 b

70 b was capable of growth within a range of about 20e45 °C in
nutrient broth (Table 1). The optimum growth temperature of 70 b
was 30 °C. 70 b at optimum pH showed the best growth in nearly
neutral pH, i.e., 7.0e75, and exhibited a narrow range of pH
(5.5e8.5). 70 b was tolerant up to 6% NaCl. The growth of 70 b had
the best point when the NaCl concentration was around 0%. 70 b
was able to grow under both aerobic and anaerobic conditions. 70 b
was non-motile had the ability to hydrolize casein and resist
lysozyme. 70 b had the ability to decompose casein and resist
lysozyme. Thus, the differences in physiological and biochemical
traits between 70 b and type strains of Bacillus species indicate that
it is a potential novel species.

Physiological characteristics for identification are essential to a
genus or species description. Some different physiological char-
acteristics obtained from the results of biochemical tests of 70 b
compared with B. bingmayongensis FJAT-13831, B. pseudomycoides
DSM 12442, and B. cereus ATCC 14579 were shown in Table 1. 70 b
exhibited typical physiological characteristics for the genus Ba-
cillus. Further characterization of 70 b using API kit biochemical
test that is intended for the identification of Bacillus and related
genera, as well as some gram-negative rods showed that the
closest relative species of 70 b was B. thuringiensis, followed by
B. mycoides (Table 1; Fig. S1, supplementary material). However,
the results of morphological and phenotypic characterizations,
and genomic features indicated 70 b did not belong to
B. thuringiensis. No parasporal crystals that are exclusively pro-
duced within B. thuringiensis and well known as the main viru-
lence factors to insects were identified in 70 b (Fig. 2; Table 1). In
addition, parasporal crystal genes were not observed after
sequence analysis of the complete genome of 70 b. The API
identification of 70 b as a member of B. mycoides was a little
surprising as 70 b lacked the typical rhizoid colony morphology
(Fig. 2; Table 1). Both B. mycoides and B. pseudomycoides belong to
the B. cereus group and distinguish from other Bacillus species by
their unusual growth on agar plates.

70 b exhibited typical characteristics for the genus Bacillus fatty
acid constituents. Major fatty acids of 70 b incubated at 30 °C,
among which were greater than 5% of total fatty acid constituents,
were is0-Ci3.9 (7.73%), is0-Cya:.0 (5.65%), Ci4:0 (5.26%), isO-cis:0
(17.01%), anteiso-Cis:g (6.80%), iSO-c16:0 (6.65%), Ci6:0 (7.74%), iso-
C17;0 (9.04%), C]_&]_uec and/or C16:1u7c (13.21%) (Table S1, supple—
mentary material; Fig. 3). Particularly, the fatty acid constituents of
70 b were similar to those of type strains B. bingmayongensis FIAT-
13831, B. pseudomycoides DSM 12442, and B. cereus ATCC
14579.70 b and FJAT-13831 had similar fatty acid constituents and

146



F. Deng, Y. Chen, H. Xiao et al.

Table 1
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Differential characteristics of a novel species of Bacillus-like strain 70 b compared with the closely related species type strains.

Characteristic Bacillus-like strain 70 b

B. bingmayongensis FIAT-13831"

B. pseudomycoides DSM 124427 B. cereus ATCC 145797

Morphology

Rod length (mm) 2.0e4.0 1.6e3.3
Rod width (mm) 0.8el.2 1.1e18
Rhizoid colony e e
Hemolysis + NR
Growth condition

Anaerobic growth + —+
Growth temperature range (°C) 20e45 15e45
Optimal growth temperature (°C) 30 30
Salinity tolerance range (% NacCl) <6.0 <4.0
Optimal growth salinity (% NaCl) 0 0e2.0
pH range 5.5e8.5 4.0e10.0
Optimal growth pH 75 7.0
Enzyme production from API 20 E

Arginine dihydrolase e e
Citrate utilization e +
Tryptophan deaminase + e
VogeseProskauer reaction + e
Gelatinase + e
Acid production from APl 50CHB

Glycerol/Glycerine +w +
Erythritol e +
Galactose + e
Glucose + +
Fructose + +
Amygdalin e e
Arbutin + e
Cellobiose +w +
Lactose e e
Sucrose + +
Starch + e
Gentiobios e e
p-Turanose e +
Gluconate e +

3.0e5.0 3.0e5.0
>1.0 >1.0

+ e

+ +

\% +
10e40 10e45
30 30 (37)
<25 <4.0
1.0 0
5.0e9.5 5.0e9.5
8.0 6.0

+ +

e +

e e

+ +

+ +

+ +

e e

e e

e +

e +

e +

e +

+ +

+ e

e +

+ +

e +

e e

e e

Notes: T, the type strain of genus Bacillus. +, positive. -, negative. +w, weakly positive. V, variable trait. NR, not reported.

Fig. 3. Comparison of fatty acid constituents between Bacillus-like strain 70 b and the closely relative species type strains.

did not harbour iso-C17-1u10c, alcohol-Cig:1u7¢, and Cig-1u11c. HOW-
ever, most difference in constituents of iso-Cis.9 of 70 b compared
with the 3 type strains indicated that 70 b and the 3 type strains
were different species but belonged to the genus Bacillus. Together,
these data were consistent with previous findings [20] of fatty acid
profiles in genus Bacillus, and suggested 70 b may belong to a
member of B. cereus group.

API 20 E data and other characteristics of type strains were
obtained from previous studies [9,21]. APl 50CHB data of type
strains were obtained from previous study [14].

In enzyme production, all strains were positive for oxidase and
catalase; all strains were negative for b-galactosidase, lysine
decarboxylase, ornithine decarboxylase, H>S production, urease,
indole production, and nitrate reduction.
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In acid production, all strains were positive for ribose, N-acetyl-
glucosamine, esculin, salicin, maltose, trehalose, and liver glycogen;
all strains were negative for p-arabinose, L-arabinose, p-xylose, L-
xylose, adonite, b-methyl-D-xyloside, mannose, sorbose, rham-
nose, galactitol, inositol, mannitol, sorbitol, a-methyl-b-mannoside,
a-methyl-D-glucoside, melibiose, inulin, melezitose, raffinose,
xylitol, p-lyxose, p-tagatose, p-fucose, L-fucose, D-arabinitol, L-ara-
binitol, 2-keto-gluconate, and 5-keto-gluconate. 70 b was non-
motile, while type strains were all positive for motility
characteristics.

3.4. Molecular genetic analysis of strain 70 b

Based on the sequencing results of 16 S rRNA gene, 70 b was
preliminarily identified as one species of the B. cereus group.
However, the 16 S rRNA gene is too single and short as a molecular
marker, and extremely high level of its sequence similarity exhib-
iting 98e100% among bacterial strains including Bacillus species
was identified [22,23]. Thus, 16 S rRNA gene is not infallible to be
used as identification of genus. rMLST is an approach that indexes
variation of the 53 genes encoding the bacterial ribosome protein
subunits (rps genes) and has been applied for integrating microbial
taxonomy and typing [24]. The results of rMLST analysis showed
that the closest relative species of 70 b was B. bingmayongensis,
B. cereus, B. cytotoxicus, and B. pseudomycoides, sharing 25% simi-
larity (Table S2, supplementary material).

Identification of the set of intrinsically conserved genes, or the
genomic core, among related bacterial genomes is vital to under-
standing the relationship between prokaryotic phylogeny where
horizontal gene transfers are common. The phylogenetic tree was
constructed using 70 b and common species of Bacillus mainly
including the B. cereus group based on concatenated core genes
(Fig. 4). About 562 core genes were identified in each strain, and a
total of 26,985 core genes were further used to construct the
phylogenetic tree. The results of phylogenetic analysis was
consistent with that of rMLST analysis, and confirmed that 70 b
belonged to the of the B. cereus group and was phylogenetically
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closely related to B. bingmayongensis FJAT-13831 and
B. pseudomycoides DSM 12442. Additionally, in evolutionary dis-
tance, 70 b was more similar to B. bingmayongensis FIAT-13831 and
B. pseudomycoides DSM 12442, and may belong to B. mycoides.
According to the International Code of Nomenclature of Bacteria
[18] and the above results, we proposed that 70 b can be classified
as a new species named Bacillus pfraonensis sp. nov., for further
identification and classification.

DDH (DNAeDNA hybridization) values > 70% between genomes
corresponding to ANI values > 95% has been widely used to be as
prokaryotic species circumscriptions [25,26]. A cutoff point of 70%
DDH for species delineation corresponded to 95% ANI and 69%
conserved DNA, therefore, ANI was used to determine the taxo-
nomic classification within the B. cereus group of the novel species
[27]. The closest full-sequenced published genomes by means of
ANI values have been those of B. bingmayongensis FJAT-13831 and
B. pseudomycoides DSM 12442, which shared ANI values of 91.13%
and 90.09% (Fig. 5). These findings indicated that Bacillus sp. 70 b
can be classified as a new species of the genus Bacillus for which the
name B. pfraonensis sp. nov. is proposed.

Since some probiotic activities might be strain specific, a
proper typing of the strain is furthermore required. Comprehen-
sive genomic characteristics of 70 b compared with type strains of
the B. cereus group were summarized in Table 2. 70 b carried
some common toxin genes including nhe, and hbl of the B. cereus
group, but its ST and panC typing cannot be assigned. Moreover,
DDH results showed 70 b and all 22 species belonging to the
B. cereus group were as different species. The distinct profile
patterns observed reinforced the fact that 70 b is one novel
species.

Most probiotic microorganisms belong to Lactic Acid Bacteria
(LAB), such as Lactobacillus sp. and Bidobacterium sp., and also other
bacterial species, like the yeast Saccharomyces boulardii and Bacillus
sp. The member of the genus Bacillus has unique advantage of being
a spore-forming probiotic, which is capable of being stable at
adverse environment during production, application and storage,
and resistant to low pH ensuring that it reaches the small intestines

Fig. 4. The maximum likelihood phylogenetic reconstruction derived from the alignment of 26,985 concatenation core genes. Notes: Numbers above branches were bootstrap
values. Branches and nodes described the ancestral relationships among modern taxa. Branch length represented evolutionary time.

148



F. Deng, Y. Chen, H. Xiao et al.

Research in Microbiology 174 (2023) 104090

Fig. 5. ANI analysis between 70 b and other Bacillus strains. Notes: In ANI analysis, the 95% and 83% values could be the thresholds for species and genus, respectively [27]. The
genomes of selected strains are the genomes of type strains or representative genomes of the species. Genomes were retrieved from GenBank (accession numbers are between

parentheses for each strain).

where it can colonize and exert its beneficial effect [28]. High
spores yield was observed in B. pfraonensis sp. nov. 70 b. 70 b
belonging to the B. cereus group was cultured from one probiotic
feed additive used for food animal that was labeled with in-
gredients containing L. plantarum and B. subtilis which were not
phylogenetically closely related to B. pfraonensis sp. nov. The
isolation of the other bacterial species from probiotic products not
listed as ingredients is not surprising, as one of the controversial
issues of Bacillus sp. use in probiotics is miscellaneous bacterial
species, strain misuse, and label inaccuracy, due to the poor quality
control and supervision of probiotic products [29,30].

3.5. Comparative genome analysis

We have analyzed the genome of 70 b and carried out a large-
scale comparative genomic analysis to understand its unique
characteristics. The genomic features of 70 b show distinct char-
acteristics compared with those of 3 type strains (Table 3). Genome
sizes were 5.65 Mbp in length, and GC contents were 35.70%. 2
circular DNA fragments conting77 and 85, with the sizes of 4093 bp
and 3505 bp, respectively, were found in 70 b, and could be spliced
into a ring. Plasmid-encoded recombinant proteins were found on
the 2 fragments without repeated sequences at both ends. Together
this, 2 plasmids were detected in 70 b and their functional char-
acterization needs to be further investigated.

When comparing the homologous genes of 70 b with those of 3
type strains, 1229 genes (16.2%) of 70 b were found to be unique to
itself. 3114 homologous genes were found in 4 strains, accounting
for 41.1% of all homologous genes (Fig. 6). According to the protein-
coding sequences analyzed by EggNOG database, a total of 4625
functional genes including 520 unique functional genes were found
in 70 b (Table 4). Except for 2 poorly functionally characterized
categories R (R - “General function prediction only”) and S (S -
“Function unknown”), the numbers of functional genes involved in
categories L (replication, recombination, and repair) and K (tran-
scription) were the largest, 55 and 51 respectively. As a note, the
sum of the values in Table 4 did not match the total humbers of
Venn Diagram (Fig. 6). Because the genes in Table 4 were classified
and summarized according to those that can be assigned in COGs
(clusters of orthologous groups) categories, while Venn Diagram
containss others that were not assigned COGs numbers.

3.6. Bioactivity characteristics

The cytotoxicity of 70 b was significantly lower than that of
B. cereus ATCC 14579, and it did not express nonhemolytic
enterotoxin Nhe and hemolysin BL (Table S3, supplementary ma-
terial). When cultured at 30 °C for 24 h or more, 70 b had no he-
molytic activity and showed lower cytotoxicity (Fig. S2,
supplementary material). Notably, no cytotoxicity cultured at 37 °C
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Table 2
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Comparison of genomic characteristics between B. pfraonensis sp. nov. 70 b and all species within the B. cereus group.

Species name" Strain name  Species status Non-hemolytic enterotoxin (nhe) Hemolysin BL (hbl) Cytotoxin K ST~ panC group GGDC DDH (%)
B. pfraonensis sp. nov. 70 b Novel 3/3 (nheA; nheB; nheC) 3/4 (hblA; hbiC; hbID) 0/1 NA I* 100
B. albus N35-10-2 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbIB; hbiC; hbID) 0/1 775 1 26.9
B. anthracis Ames Ancestor OK 3/3 (nheA; nheB; nheC) 0/4 0/1 1 1 27
B. cereus sensu stricto ATCC 14579  OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbIC; hbID) 1/1 (cytK-2) 4 v 273
B. clarus BHP OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbIC; hbID) 0/1 1834 clarus 29.1
B. cytotoxicus NVH 391-98 OK 3/3 (nheA; nheB; nheC) 0/4 1/1 (cytk-1) 2121 VII 28.1
B. gaemokensis JCM 15801 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hblB; hbIC; hbiD) 0/1 768 gaemokensis 328
B. luti TD41 OK 3/3 (nheA; nheB; nheC) 0/4 0/1 764 11 27.2
B. mobilis 0711P9-1 OK 3/3 (nheA; nheB; nheC) 0/4 0/1 784 11 26.5
B. mycoides ATCC 6462 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hblB; hbiC; hbID) 0/1 116 VI 27.3
B. nitratireducens 4049 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbiC; hbIlD) 0/1 769 VI 27.2
B. pacificus EB422 OK 3/3 (nheA; nheB; nheC) 0/4 1/1 (cytk-2) 32 1l 26.8
B. paramycoides NH24A2 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbliB; hbIC; hbiD) 0/1 780 VI 27.8
B. paranthracis Mn5 OK 3/3 (nheA; nheB; nheC) 0/4 1/1 (cytk-2) 761 1l 26.6
B. proteolyticus TD42 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbiC; hbID) 0/1 765 VI 273
B. pseudomycoides DSM 12442 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbiC; hbIiD) 0/1 83 | 40
B. thuringiensis ATCC 10792 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbIC; hbID) 1/1 (cytK-2) 10 IV 271
B. toyonensis BCT-7112 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbiC; hbIlD) 0/1 111 Vv 27.2
B. tropicus N24 OK 3/3 (nheA; nheB; nheC) 0/4 1/1 (cytk-2) 771 |l 26.7
B. wiedmannii FSL W8-0169 OK 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbIC; hbiD) 1/1 (cytK-2) 1081 Il 26.6
B. bingmayongensis ~ FIAT-13831 Inconclusive  3/3 (nheA; nheB; nheC) 0/4 0/1 763 bingmayongensis 42.8
B. manliponensis JCM 15802 Inconclusive  1/3 (nheB) 0/4 0/1 NA  manliponensis 235
B. bombysepticus Wang Failed 3/3 (nheA; nheB; nheC) 4/4 (hblA; hbiB; hbIC; hbID) 1/1 (cytk-2) 18 IV 27.3

Notes: T, the type strain of each species. Toxin genes profile including nhe, hbl, and cytk, MLST, and panC group were determined in silico using BTyper version 3.1.1.
Species status were identified by NCBI taxonomy check. OK, the ANI result was consistent with the declared species; Inconclusive, the ANI result was inconclusive; Failed, the

ANI result was inconsistent with the declared species.

panC: If the query genome does not share >99% nucleotide identity and/or >80% coverage with one or more panC alleles in the database, the closest-matching panC group was

reported with an asterisk.

In silico DDH (DNAeDNA hybridization) values were calculated using the GGDC (Genome-to-Genome Distance Calculator) presented data in Formula 2 (i.e., the formula

recommended by GGDC).
NA, not assigned.

Table 3
Differential genomic features of 70 b compared with closest related species.

Characteristic

B. pfraonensis sp. nov. 70 b

B. bingmayongensis FIAT-138317

B. pseudomycoides DSM 124427

B. cereus ATCC 145797

Genome size (Mbp) 5.65 5.48 5.55 5.42
Number of base pair (bp) 5646681 5477100 5546471 5416249
GC content (mol%) 35.70% 35.50% 35.30% 35.30%
Number of genomic fragments 133 63 1 1

Gene 5758 5608 5611 5544
CDS 5629 5515 5520 5396
rRNA 21 8 4 39

tRNA 107 84 86 108
tmRNA 1 1 1 1

Fig. 6. Venn Diagram showing the shared genes and the unique genes among the
selected Bacillus strains. Notes: NZ_JH921517, GenBank accession number of
B. bingmayongensis FJAT-13831. CMO000745, GenBank accession number of
B. pseudomycoides DSM 12442. CP034551, GenBank accession number of B. cereus ATCC
14579.

were observed in 70 b. For the selection of probiotics, strains
without toxicgenic potential are prerequisites for the application of
probiotics. With the feature of low toxicity, 70 b was suitable for
further exploring its potential use as live biotherapeutic products
(LBPs) to correct the microbiota imbalance or ameliorate the
symptom of infectious disease.

The products produced by bacteria through secondary metab-
olite biosynthesis clusters have rich and diverse biological activity
functions, including antibacterial, anti-tumor, anti-inflammatory,
and so on. Several gene clusters with antibacterial activity potential
in the genome of 70 b were predicted, among which there was a
pseudomycoicidin synthesis gene cluster on contig 3, with a simi-
larity of 100% (Table 5). Pseudomycoicidin is an antibacterial
representative of class Il lantibiotics and belongs to antimicrobial
peptide (AMP), which is reported to have a growth inhibitory effect
on most gram-positive bacteria [31]. In addition, 70 b bacterial
culture exhibited a broad spectrum of activity against many gram-
positive bacteria, but had no effect on gram-negative bacteria
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Table 4
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Distribution of B. pfraonensis sp. nov. 70 b genes in COGS and comparisons with closest related strains.

Code COG category 1 2 3 4 Unique

E Amino acid transport and metabolism [E] 394 49 62 66 30

G Carbohydrate transport and metabolism [G] 227 58 60 63 31

D Cell cycle control, cell division, and chromosome partitioning [D] 36 2 1 4 1

N Cell motility [N] 1 0 0 0 1

M Cell wall/membrane/envelope biogenesis [M] 209 52 44 57 23

B Chromatin structure and dynamics [B] 1 0 0 0 1

H Coenzyme transport and metabolism [H] 114 5 7 8 2

\% Defense mechanisms [V] 118 35 33 39 16

C Energy production and conversion [C] 216 25 31 24 11

S Unknown function [S] 1082 280 289 325 173

R General function prediction only [R] 508 105 111 129 57

P Inorganic ion transport and metabolism [P] 247 40 55 40 21

U Intracellular trafficking, secretion, and vesicular transport [U] 31 6 6 8 4

| Lipid transport and metabolism [I] 125 13 20 26 6

F Nucleotide transport and metabolism [F] 106 15 12 15 8

o Posttranslational modification, protein turnover, and chaperones [O] 101 10 8 9 4

L Replication, recombination, and repair [L] 317 70 7 166 55

Q Secondary metabolites biosynthesis, transport, and catabolism [Q] 67 12 15 24 3

T Signal transduction mechanisms [T] 171 28 31 40 13

K Transcription [K] 370 78 101 114 51

J Translation, ribosomal structure, and biogenesis [J] 184 23 19 18 11
Total 4625 906 982 1175 520

Notes: 1, numbers of functional genes of 70 b assigned in COGs. 2, numbers of unique functional genes of 70 b compared with B. bingmayongensis FJAT-13831.3, numbers of
unique functional genes of 70 b compared with B. pseudomycoides DSM 12442.4. numbers of unique functional genes of 70 b compared with B. cereus ATCC 14579. Unique,

unique functional genes of 70 b compared with type strains.

Table 5
The products produced by 70 b through secondary metabolite biosynthesis clusters.

Region BGC type Position Most similar known BGC MIBIG class (es) Similarity (%)
From To

11 NRPS 22,552 85,503 Bacillibactin NRP 46
31 NRPS, LP 138,484 240,892 Pseudomycoicidin RiPP 100
4.1 Bacteriocin 83,027 93,275 NA NA NA
14.1 Siderophore 132,584 146,333 Petrobactin Other 100
29.1 Betalactone 22,984 48,221 Fengycin NRP 40
321 Bacteriocin 12,303 24,519 NA NA NA
36.1 NRPS 39,065 90,658 Lactocin S RiPP: LP 10
371 Terpene 41,765 63,624 NA NA NA
42.1 Lanthipeptide 20,610 42,676 NA NA NA
46.1 LAP, bacteriocin 1 16,042 NA NA NA
63.1 NRPS 1 23,898 Lactocin S RiPP: LP 10

Notes: region and position, represented the genomic fragment of the synthetic gene cluster and its starting and ending position. BGC type and MIBIG class(es), represented the
type of synthetic gene cluster. NRPS, nonribosomal peptide synthetases. LP, lanthiopeptide. RiPP, ribosomally synthesized and post-translationally modified peptides. Most
similar known BGC, represented whether the gene cluster was similar to the known synthetic gene cluster. NA, represented unknown synthetic gene cluster.

(Fig. 7). It is noteworthy that 70 b displayed antibacterial activity
against multidrug-resistant (MDR) pathogens such as HA-MRSA
(hospital acquired methicillin-resistant S. aureus) and LA-MRSA
(livestock-associated methicillin-resistant S. aureus), since MRSA
and its infection have been considered as one of the main inter-
national health issues. AMPs are candidates for use as an alternative
approach to treat and overcome the challenge of antimicrobial
resistance, as they have showed low possibility to select for anti-
biotic resistance but extraordinary antimicrobial efficacy against
MDR strains [32]. Particularly, isopropanol extract of 70 b bacterial
culture showed maximum activity against selected microbial
pathogens. The findings was only but a few of the examples

supporting the potential of 70 b as an alternative to conventional
antibiotics. Bacillus are known to produce abundant antimicrobial
substances such as subtilisin, polymyxin, and bacitracin during
their growth, which can inhibit intestinal colonization and repro-
duction of conditional exogenous pathogens [33,34]. Expect for the
pseudomycoicidin synthesis gene cluster, 10 putative gene clusters
were predicted in 70 b, most of which the encoded natural products
were unknown. Subsequent studies on the function of synthetic
gene clusters on 70 b has extensive prospect of application. Thus,
70 b was a promising strain that probably used as the additive of
dietary supplement or live biotherapeutic product both in animal
husbandry and human healthcare.
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Fig. 7. The bacteriostatic spectrum of 70 b cultured at 30 °C. Notes: The diameters of the bacteriostatic ring of different extracts of 70 b bacterial culture were measured by
millimeter. HA-MRSA, hospital acquired methicillin-resistant S. aureus. LA-MRSA, livestock-associated methicillin-resistant S. aureus. IPA, isopropyl alcohol. MeOH, methanol. EtOAc,

ethyl acetate. N-BAI, n-butanol.

4. Conclusion

Most of the reported novel species of the genus Bacillus were
only morphologically, physiologically, and molecular biologically
characterized for bacterial identification and classification, but
lacked of exploration of the application potential of the novel
species. An unknown bacterial species isolate 70 b cultured from a
probiotic feed additive was identified as a novel member of the
B. cereus group and proposed as B. pfraonensis sp. nov. through a
polyphasic taxonomic approach including ANI, DDH, core genome
SNPs-based phylogenetic tree, fatty acid characterization, and
comparative genome analysis. B. pfraonensis sp. nov. 70 b carried
antimicrobial synthesis gene cluster pseudomycoicidin and had a
growth inhibitory effect on MDR pathogenic strains MRSA. Our
study offers a new perspective regarding taxonomic diversity and
genomic difference among species of the B. cereus group. Subse-
quent studies based on the information of synthetic gene clusters
and comparative genome analysis of 70 b could provide the
exploration of novel potential application.
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Abstract

Objectives To identify proteins that may be associ-
ated with antibiotic resistance in the multidrug-
resistant Salmonella enterica D14, by constructing
proteomic profiles using mass spectrometry-based
label-free quantitative proteomics (LFQP).

Results D14 was cultured with four antibiotics
(ampicillin, nalidixic acid, streptomycin, and tetracy-
cline) separately. Subsequently, the findings from an
equal combination of the four cultures were compared
with the profile of sensitive S. enterica 104. 2255
proteins, including 149 differentially up-regulated
proteins, were identified. Many of these up-regulated
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proteins were associated with flagellar assembly and
chemotaxis, two-component system, amino acid
metabolism, b-lactam resistance, and transmembrane
transport. A subset of 10 genes was evaluated via
quantitative real-time PCR (gqPCR), followed by the
construction of cheR, fliS, fliA, arnA, and yggT
deletion mutants. Only the yggT-deleted D14 mutant
showed decrease in streptomycin resistance, whereas
the other deletions had no effect. Furthermore, com-
plementation of yggT and the overexpression of yggT
in S. enterica ATCC 14028 increased the streptomycin
resistance. Additionally, spot dilution assay results
confirmed that Salmonella strains, harboring yggT,
exhibited an advantage in the presence of
streptomycin.

Conclusions The above proteomic and mutagenic
analyses revealed that yggT is involved in strepto-
mycin resistance in S. enterica.
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Introduction

Globally, food poisoning and acute gastroenteritis are
commonly associated with Salmonella enterica (Ber-
anek et al. 2009; Majowicz et al. 2010), with
occurrences attributed to the consumption of contam-
inated food products of animal origin. Due to the high
prevalence of Salmonella in animal food products,
streptomycin—a  broad-spectrum aminoglycoside
antibiotic—is commonly used as a feed additive in
pig and chicken farms in Canada and the United States
of America (Hoelzer et al. 2017). This practice has
increased the spread of antibiotic-resistant Salmonella
and presents a major threat to public health.

While antibiotics have revolutionized medicine in
many aspects, their excessive use has contributed to
the rapid emergence of resistant strains (Davies et al.
2010). Aminoglycoside antibiotics (AGAs) are the
primary agents involved in bacterial warfare. Their
activity against human pathogens is a fortunate
coincidence that has allowed broad clinical applica-
tion against microbial infections in humans (Becker
and Cooper 2013). AGAs bind to the 30S subunit of
prokaryotic ribosomes and induce a conformational
change in the A-site of 16S rRNA. This allows
noncognate tRNA to bind, resulting in increased levels
of mistranslation. The faulty proteins produced therein
consequently stimulate free radical formation and cell
death. Several mechanisms of streptomycin resistance
have been described in gram-positive and gram-
negative bacteria, with the most important ones being
alterations at the ribosomal binding sites and enzy-
matic drug modification (Olkkola et al. 2016). The
mutation in rpsL—which encodes 125 AA residues
increased the streptomycin resistance in Salmonella
(Ruben et al. 1987). The glucose-inhibited division
gene B (gid B), which charges the methylation at the
G527 position of the 16S rRNA, also plays a
significant role in streptomycin resistance in Sal-
monella (Mikheil et al. 2012). Furthermore, S. enter-
ica mutagenic analysis examined the implication of
enzymatic drug-modifying genes, including strA, strB,
and aadA, in streptomycin resistance (Matayoshi et al.
2015). The protein encoded by strA is significantly

1=

related to the APH(3")-la protein (68% homology,
50% identity) and has high resistance (Shaw et al.
1993). Aminoglycoside (3”)(9) adenylyltransferase
encoded by aadA in S. enterica belongs to the
ANT(3")-la family and catalyzes the magnesium-
dependent O-adenylation of streptomycin as well as
spectinomycin, at positions 3” and 9, respectively
(Stern et al. 2018). Although antibiotic resistance
studies on S. enterica in the past have focused on
transcriptional analysis, to our best knowledge, the
mechanisms associated with resistance at the combine
proteomic level from 4 antibiotic treatments (strepto-
mycin, ampicillin, nalidixic acid, and tetracycline)
have not been examined yet.

Proteomic analysis can provide mechanistic
insights and potentially identify key features associ-
ated with genome expression (Arunima et al. 2017).
Recently, proteomic approaches, such as two-dimen-
sional gel electrophoresis (Correia et al. 2014) and
acetyl-proteome profiling (Li et al. 2018), have been
used to identify key proteins involved in antibiotic
resistance in Salmonella. One technique that enables
large-scale protein identification is the mass spec-
trometry-based label-free quantitative proteomic
(LFQP) approach. This method is extremely sensitive,
less susceptible to technical error, and can be utilized
to examine complex samples, such as bodily fluids
(blood, plasma, saliva, and urine), cell lines, or tissues
(Anand et al. 2017). The aim of this study was to
elucidate the mechanisms of multidrug resistance in S.
enterica D14 by comparing it to the sensitive S.
enterica 104, using LFQP coupled with liquid chro-
matography-tandem mass spectrometry (LC-MS/
MS).

Material and methods
Cultivation of bacteria and sample preparation

Strains D14 and 104 were isolated from cecum content
obtained from a chicken slaughter house (Guangzhou,
Guangdong Province, China) in 2011. D14 and 104
were inoculated on Mueller-Hinton (MH) agar at
37 °C, followed by their cultivation in fresh MH broth
with an optical density (ODgqo) range of 0.6-0.8. Four
cultures were then prepared by adding 1 mL of D14 in
100 mL MH broth containing the following antibi-
otics: ampicillin (256 Ig/mL), nalidixic acid (16 1g/
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mL), streptomycin (128 lg/mL), or tetracycline
(32 1g/mL). After 24 h incubation, the four cultures
were adjusted to ODgpp = 0.6 and mixed in equal
volumes. The mixtures were centrifuged, and the
supernatants were discarded. Subsequently, 104 was
cultured in MH broth without antibiotics, and pellet
was obtained via centrifugation. The somatic (O) anti-
gen of strain was determined by slide agglutination
(Grimont et al. 2007). The flagellar (H) antigen of
strain was identified using PCR amplification, along
with the sequencing of genes encoding H1 and H2
antigens, as described previously (Ranieri et al. 2013).

Total protein extraction and quantification

Total protein was extracted as previously described,
with a few minor modifications (Wisniewski et al.
2009). Each sample was solubilized in 800 IL SDT
buffer (4% SDS, 1 mM DTT in 150 mM Tris—HClI,
pH 8.0) and boiled for 5 min. Ultrasonication (80 W,
10 s ultrasonic at a time, every 15 s, 10 times) was
then performed, followed by centrifugation at
14,0009¢g for 10 min. Protein concentrations were
determined using the BCA protein assay (Promega,
Madison, WI, USA).

Protein filter-aided sample preparation (FASP)

The protein fraction was digested using the filter-aided
sample preparation (FASP) method (Lu et al. 2012).
Briefly, 200 g of each protein extract was mixed with
200 IL of 8 M urea in 150 mM Tris—HCI (pH 8.0; UA
buffer) and applied to a 30 kDa molecular weight
cutoff (MWOC) filter unit (Millipore, Billerica, USA).
Samples were then centrifuged at 14,0009¢g for
15 min at 20 °C to remove SDS, and any residual
SDS was further removed by a second washing step
with 200 IL of UA buffer. Subsequently, the proteins
were alkylated with 100 IL of 50 mM iodoacetamide
in UA buffer for 30 min in the dark at room
temperature. Samples were then washed repeatedly
with 100 IL of UA buffer, followed by repeated
washing with 100 IL aliquots of 50 mM ammonium
bicarbonate (pH 8.0). Proteins were digested with
trypsin at a final substrate/enzyme ratio of 50:1 (w/w)
at 37 °C for 18 h. After digestion, the peptides were
recovered by centrifugation in a new collection tube.
Finally, the peptides were desalted using a C18
cartridge  (Sigma-Aldrich) according to the

manufacturer’s protocols, and peptides were quanti-
fied at ODgo.

LC-MS/MS analysis

Acidified tryptic peptides (2.5 IL) were sampled on a
reverse phase C18 trap column (Easy Column SC001,
20 mm 9 150 Im) and separated on a reverse phase
C18 nanocolumn (Easy Column SC200, 100 mm 9
150 Im) connected to an Easy-nLC1000 system
(Thermo Fisher Scientific, Bremen, Germany) with a
120 min gradient at a flow rate of 400 IL/min. The
mobile phases, A and B, were 0.1% formic acid in 2%
acetonitrile and 0.1% formic acid in 84% acetonitrile,
respectively. The gradient was increased to 45% B in
100 min and to 100% B in 108 min. The mass spectra
were obtained with an Orbitrap Q Exactive mass
spectrometer (Thermo Fisher Scientific), with the scan
range limited to 300-1,800 m/z. The MS scan resolu-
tion was set to 70,000, and the data-dependent MS/MS
scan resolution was set to 17,500. After completing a
full scan, the top 20 MS/MS events were acquired.

Assigning peptide sequences using MaxQuant

All acquired MS/MS data from the 2 samples (D14
and 104) were analyzed using MaxQuant (v. 1.3.0.5)
as previously described (Cox et al. 2008). The final
mass tolerance was set to 6 ppm, the initial tolerance
was set to 20 ppm, and two missed trypsin cleavages
were permitted. Cysteine carbamidomethylation was
specified as the fixed modification, while methionine
oxidation and N-acetyl protein were specified as
variable modifications. The false discovery rates for
both peptides and proteins were set to 0.01. Peptide
identification was performed using MaxQuant against
the Uniprot database. Furthermore, MaxQuant analy-
sis also provided iBAQ values to aid in quantification,
as previously described (Wilhelm et al. 2014). Quan-
tifiable proteins were defined as those identified at
least twice within the three biological replicates.
Differential protein abundances between samples
were determined, with P\.0.05, and fold-change [
3 for differentially expressed proteins.

Bioinformatics analysis

The Gene Ontology (GO) program Blast2GO (https://
www.blast2go.com/) was used to annotate
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differentially expressed proteins and to create his-
tograms reflecting the GO annotation groups, includ-
ing cell components, biological processes, and
molecular functions (Gotz et al. 2008). Pathway
analysis was performed by mapping differential pro-
teins to terms within the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, using the KEGG
Automatic Annotation Server (KAAS) program
(http://www.genome.jp/kaas-bin/kaas_main) (Kane-
hisa et al. 2012).

Quantitative real-time PCR validation

In order to validate the identified differential proteins,
ten upregulated proteins were selected and the corre-
sponding transcriptional profiles were analyzed via
guantitative real-time PCR. Total RNA was extracted
from 104 and from the equal combination of D14 for
all four antibiotic treatments, using an RNeasy
MiniKit (Qiagen) according to the manufacturer’s
instructions. The RNA obtained was treated with
TURBO DNAfree DNase (Ambion) to remove DNA
contamination. Primers (Supplementary Table 1) were
then designed for the 10 genes being examined and the
glyceraldehyde-3-phosphate  dehydrogenase gene
(gapA) was chosen as the reference gene to normalize
the expression of tested genes (Wozniak et al. 2010;
Balhana et al. 2013). Three biological replicates were
used, and relative gene expression was calculated
using the 2=~ threshold cycle (CT) method (Livak
and Schmittgen. 2001). The relative expression level
was defined as the fold-change of the gene expression
level in the combined D14 vs the expression level in
104.

In order to determine the expression levels of yggT
in D14 and ATCC14028, induced or not induced with
streptomycin, the relative quantification of yggT
expression was calculated from biological replicates,
using the relative standard curve method, with gapA
used as an endogenous control, as described above
(Wozniak et al. 2010; Balhana et al. 2013). The
primers yggT-RTF and yggT-RTR, used for RT-
gPCR, were shown in Supplementary Table 1.

Scarless genetic modification of yggT in D14
A linear fragment was amplified from the pKD3

plasmid, which contains a chloramphenicol acetyl-
transferase gene (cat) via PCR, using yggT-KY-F and

1=

yggT-KY-R primers (Supplementary Table 1) to
generate a fragment with arms homologous to the
yggT gene in D14. The generated fragments were then
purified using a DNA Purification Kit (Beyotime
Biotechnology, China) and transformed into a D14-
carrying helper plasmid, pPREDTKI (Yang et al. 2014).
Homologous recombination between the linear frag-
ment and yggT was performed using the k-Red
recombinase. Selection was performed on Luria—
Bertani (LB) agar plates supplemented with 25 g/
mL chloramphenicol, and mutagenesis was confirmed
with gPCR using Cm-inbox and yggT-S primers
(Supplementary Table 1).

Complementation and over expression

The kanamycin resistance gene kan was amplified
from pET-28a using BAD-scal-F and BAD-scal-R
primers (Supplementary Table 1) and then cloned into
a Scal-digested pBAD24 plasmid. Additionally, the
cat promoter was amplified from pRE112, using Cp-
yggT-Age-F and Cp-yggT2 primers, while the yggT
fragment was amplified in the D14 cells, using Cp-
yggT1l and Cp-yggT-Nhe-R primers. The fusion
fragment, which contained the cat promoter as well
as the yggT gene, was amplified using Cp-yggT-Age-F
and Cp-yggT-Nhe-R primers, and was cloned into
Agel-and Nhel-digested pBAD-kan to generate a
plasmid designated as pBAD-kan-yggT. Plasmids
pBAD-kan and pBAD-kan-yggT were transferred into
D14 (D14 yggT::cat) and S. enterica subsp. enterica
serovar Typhimurium (ATCC 14028) cells, with
selection performed on MH agar plates supplemented
with 50 Ig/mL kanamycin.

Minimum inhibitory concentration (MIC) analysis

MICs were determined for D14 and 104, along with
the transformants (D14 and ATCC 14028), using the
microdilution broth method as recommended by the
CLSI documents VET01-A4 (2013) and M100-S28
(2018).

Spot dilution assays
To further examine the streptomycin-resistant pheno-
type in the transformants, spot dilution assays were

performed as previously described (Rajagopal et al.
2016). Briefly, fresh strain cultures were sub-cultured
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in 5 mL MH broth (initial ODgge = 0.3) and grown to
mid-log phase. The cell pellets were harvested by
centrifugation and resuspended in 1 mL phosphate-
buffered saline (PBS). A ten-fold serial dilution of the
bacterial suspension was then prepared using PBS.
The bacteria were spotted (2 IL per spot) onto MH
agar plates containing 50 Ig/mL kanamycin and
512 Ig/mL streptomycin and incubated at 37 °C for
12 h. The results were subsequently analyzed to
evaluate antibiotic sensitivity.

Results and discussion

Strains D14 and 104, isolated from cecum content,
were identified as S. enterica subsp. enterica serovar
Enteritidis, which is one of the most common
Salmonella serovars found across the world. It is a
leading cause of human food-borne illnesses, which
are mainly associated with the consumption of con-
taminated poultry meat and eggs. S. enterica D14 was
found to be highly resistant to ampicillin, nalidixic
acid, streptomycin, and tetracycline, while S. enterica
104 is sensitive to the test antibiotic in this study
(Table 1). The whole genome of S. enterica D14 was
sequenced on the Illumina HiSeq X Ten at Gran-
domics Biosciences Co.,Ltd. (Wuhan, China), which
was deposited at China National Center for Bioinfor-
mation-National Genomics Data (https://bigd.big.ac.
cn/) under the accession number CRA002249.

The mechanism of antibiotic resistance in D14 cells
was examined by constructing a combination of four
antibiotic cultures, combined in equal volumes, and
evaluating the protein expression profiles of D14 cells
and 104 cells without antibiotic exposure, using mass
spectrometry-based LFQP. The mass spectrometry
proteomics data have been deposited to the

Table 1 Antimicrobial susceptibility of S. enterica 104 and D14

ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al. 2019) partner repository with
the dataset identifier PXD023132. A total of 2255
proteins were identified. 149 proteins were found to be
up-regulated in the D14 group relative to the 104
group, based on the iBAQ intensities (ratio C 3 and
P\ 0.05; supplementary Table 2). From these, a
subset of 10 proteins was examined at the transcription
level via gPCR, wherein the proteins exhibited a
similar trend (Fig. 1), thus validating the MS data. To
characterize the differentially expressed proteins, GO
annotations and KEGG pathway analysis were carried
out (Figs. 2 and 3). Within the cellular component
category of GO, the enriched proteins were primarily
associated with signal transducer activity, transferase
activity, and trans one-carbon groups (Fig. 2). Overall,
the most enriched GO terms included organic sub-
stance transport, cell communication, anion transport,
and integral components of the cell membrane
(Table 2). KEGG analysis revealed that the proteins
were mainly distributed in pathways associated with
the two-component system, amino acid metabolism,
beta-lactam resistance, flagellar assembly, and bacte-
rial chemotaxis (Fig. 3). Based on the GO and KEGG
analyses, proteins distributed in the above physiolog-
ical processes, along with the transmembrane proteins
involved in substance transfer and information trans-
mission, were selected for further analysis. On the
other hand, 26 proteins were found to be down-
regulated in the D14 group relative to the 104 group
(supplementary Table 3).

Two-component system proteins
Following the KEGG pathway analysis, many differ-

entially expressed proteins (n = 26) were found to be
enriched within the two-component system in the

MIC (lg/mL) CLSI interpretive criteria (1g/mL)?
Antibiotic D14 104 S I R
Ampicillin £ 2048 16 B8 16 C 32
Nalidixic acid 128 \4 B 16 - C 32
Streptomycin 1024 32 - - -
Tetracycline 256 8 B4 8 C 32

%S sensitive, | intermediate, R resistant. CLSI breakpoints for streptomycin were not available
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Fig. 1 Validation of a subset of differentially up-regulated
proteins at the transcription level via gPCR. The relative gPCR
values were compared to the mass spectrometry-based LFQP

multidrug-resistant S. enterica D14 (Fig. 3). Within
this pathway, ArnA/ArnB and PhoQ/PhoP were
strongly up-regulated by more than threefold. ArnA
and ArnB are required to confer polymyxin resistance.
ArnA is an essential enzyme involved in the process of
modifying lipid A with a pentose sugar 4-amino-4-
deoxy-L-arabinose, while ArnB catalyzes the synthe-
sis of UDP-Ara4N from UDP-4-keto-pentose (Fischer
etal. 2015). In addition, aggregation of these modified
lipids and formation of bacterial biofilm can prevent
antibiotics from penetrating into bacterial cells (Liu
et al. 2014). Thus, these findings suggest that lipid A
synthesis is also up-regulated in an effort to provide
antibiotic resistance.

Of the two-component systems present in Escher-
ichia coli and Salmonella species, the PhoQ/PhoP
system functions in sensing various host-associated
environmental cues, while also modulating magne-
sium homeostasis, cell envelope composition, stress
resistance, and virulence (Nakamura et al. 1996; Yuan
et al. 2017). PhoQ is a sensor histidine kinase, and
PhoP promotes the expression of other genes, which
vary among different bacteria (Zwir et al. 2012). In a
study that examined the impact of a phoP mutant, the
SmeZ efflux transporter was down-regulated, while
the membrane permeability increased, thereby
increasing the drug susceptibility of Stenotrophomo-
nas maltophilia (Liu et al. 2016). Thus, the up-
regulation of PhoP in the D14 group may contribute to
ampicillin, streptomycin, tetracycline, and nalidixic
acid resistance by altering membrane permeability
and/or by up-regulating efflux transporters.
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data. The relative expression level was the ratio of D14/104 at
transcription and protein level, respectively

Flagellar assembly and chemotaxis proteins

The flagellum is one of the most sophisticated self-
assembling molecular machines present in bacteria,
and is intrinsically involved in bacterial motility and
behavior (Zhao et al. 2014). Previous studies have
indicated that the down-regulation of flagellar proteins
and their interactive partners can cumulatively con-
tribute to bacterial survival during drug stress (Sharma
et al. 2019). However, several up-regulated differen-
tial proteins, including FIiC, FIiS, FliA, FlgL, FlgK,
FlgK, and FIgM, were found to be associated with the
flagellar assembly pathway, following KEGG enrich-
ment in this study (Figs. 3 and 4). This indicates that
the flagellar assembly pathway of Salmonella has a
special response to antibiotics, which needs to be
verified through further research.

Additionally, proteins involved in chemotaxis,
including CheR, CheY, CheA, CheB, and CheW,
were also significantly up-regulated (Figs. 3 and 5). In
one study, the acylation of CheY was shown to shift
the flagellar rotational direction from default, i.e.,
counterclockwise, to clockwise (Fraiberg et al. 2015).
Additionally, cheY and eight other genes have also
been implicated in the conference of b-lactam resis-
tance (Hirakawa et al. 2003). Thus, the up-regulation
of these chemotaxis proteins may enable the ampi-
cillin resistance seen in the D14 group.
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Rich factor

Enriched GO terms (Top 20)

Fig. 2 GO enrichment analysis for all differentially up-
regulated proteins. A rich factor value was the ratio of the
number differentially expressed gene annotated in a given group

Amino acid metabolism proteins

A considerable portion of the up-regulated proteins
was associated with amino acid biosynthesis and
metabolism pathways in the multidrug-resistant D14
group. These pathways included valine, leucine, and
isoleucine biosynthesis, as well as cysteine and
methionine metabolism, histidine metabolism, and
alanine metabolism. These comprised amino acids,
such as cysteine, threonine, methionine, alanine,
glutamate, glycine, serine, histidine, leucine, and
isoleucine (Fig. 3). Additionally, biosynthesis pro-
teins, including arginine, phenylalanine, tyrosine, and
lysine, were also up-regulated. These metabolic
changes may be a consequence of the biological cost

to all gene numbers annotated. BP: biological process. MF:
molecular function. CC: cellular component

of antibiotic resistance. Collectively, this outcome is
consistent with an increase in energy demand for
repair mechanisms and cell defense following antibi-
otic exposure, with increases in metabolite transport,
protein biosynthesis, and efflux pump activity, all of
which require energy in the form of ATP.

b-lactam resistance-related proteins

There are three primary mechanisms associated with
b-lactam resistance, including the production of
enzymes that degrade or modify the antibiotic, antibi-
otic target site alteration, or prevention of antibiotic
target access (Wilke et al. 2005). In the D14 group,
proteins associated with the last two resistance

1=
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Enriched KEGG pathways

Rich factor

Fig. 3 The KEGG pathway enrichment for all differentially up-regulated proteins. A rich factor value was the ratio of the number of
differential genes to the total number of annotated genes in a certain pathway

Table 2 GO enrichment

. Enriched GO terms Test Reference Rich factor

analysis for the up-

regulated proteins involved Signaling receptor activity 8 18 0.220

in substa_nce transfe_r ffmd Organic substance transport 26 118 0.220

information transmission o
Cell communication 23 73 0.315
Anion transport 10 31 0.320
Transmembrane receptor activity 11 0.545
Transmembrane signaling receptor activity 6 11 0.545
Integral component of membrane 52 270 0.192

mechanisms were up-regulated (Fig. 6). The proteins
associated with altering the antibiotic target site
included BPP1, PBPla/2, PBP1lb, PBP2a, PBP2b,
PBP2x, PBP2, and PBP3. With regards to antibiotic
access, MexAB, OprD, MexZ, and MexR were up-
regulated. MexAB-OprM efflux pumps—which con-
tain an inner membrane RND transporter ‘pump’
MexB region, an outer membrane porin OprM region,
and a soluble periplasmic MexA region—act on a
wide range of antibiotics, including tetracycline,
chloramphenicol,  fluoroquinilones,  novobiocin,
macrolides, trimethoprim, and b-lactams (Wilke
et al. 2005). Thus, these MexAB-OprM efflux pumps
may aid in the antibiotic resistance seen in D14.

Transmembrane proteins involved in substance
transfer and information transmission

Many drug resistance mechanisms are associated with
transmembrane proteins. Following GO enrichment

1=

analysis, the largest groups within the molecular
function category included signal transducer activity,
transferase activity, and transfer of one-carbon groups
(Fig. 2). Further classification analysis revealed that
these up-regulated differential proteins were associ-
ated with organic substance transport (n = 26), cell
communication (n = 23), and anion transport (n = 10;
Table 2). The increased expression of these proteins
suggests that, during antibiotic stress, D14 strengthens
its material transport, information exchange, and
transportation abilities, in order to aid in antibiotic
resistance. Among the GO terms involved in infor-
mation transmission, the signaling receptor activity
(n = 8), transmembrane receptor activity (h = 6), and
transmembrane signal receptor active protein (n = 6)
were also enriched and demonstrated high levels of
rich factors (J_0.3; Table 2). Of the proteins associ-
ated with anion transport, the low-affinity transporter
pitA, which is part of the Pst system (pstSCAB), is
induced by low phosphate concentrations and
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Fig. 4 Image of flagellar assembly with up-regulated proteins (red) indicated

catalyzes the transport of metal [Mg(ll), Ca(ll)]-
phosphate complexes (Jackson et al. 2008). Another
protein involved in anion transport, MlaD is part of the
MIaFEDB complex and forms stable hexamers via its
periplasmic domain (sMlaD) that exhibits a donut-
shaped architecture containing a central hydrophobic
pore. Interestingly, MlaD appears to provide passage
for phospholipids across the inner membrane (Ercan
et al. 2019).

In the organic substance transport category, DcuB
and YggT (6.93-fold) were both up-regulated. DcuB
serves as a bifunctional transporter that catalyzes

fumarate/succinate antiport and functions as a cosen-
sor of DcuS (Chen et al. 2013). Conversely, YggT isan
integral membrane protein component that is pre-
dicted to consist of 188 amino acid residues in both
Salmonella and E. coli, although its precise function is
not well characterized at present (Nakamura et al.
1996). In most public databases, such as GenBank and
UniProt, YggT has been annotated as a potential
membrane protein. However, in one study examining
E. coli that were exposed to hyperosmotic stress while
lacking the major K7 uptake systems (Trk, Kup, and
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Fig. 5 Image of bacterial chemotaxis with up-regulated protein (red) indicated

Fig. 6 b-lactam resistance pathway with up-regulated proteins (red) indicated
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Kdp), the introduction of yggT compensated for the
observed growth defect (Ito et al. 2009).

YqggT is implicated in streptomycin resistance
of D14

Knockout and MIC screening of potential resistance
genes in D14

Annotations of the mass spectrometry-based LFQP
findings showed that the differentially up-regulated
proteins were associated with the two-component
system, amino acid biosynthesis, b-lactam resistance,
flagellar assembly, and chemotaxis. Of these, a subset,
comprising cheR, fliS, fliA, arnA, and yggT, was
chosen for knockout analysis and MIC screening. Of
the knockouts, only D14 DyggT::cat showed a signif-
icant reduction in streptomycin resistance (4-fold)
relative to the wild-type D14 (Table 3). With regard to
the other antibiotics that were examined, the knockout
genes did not significantly alter antibiotic resistance.

Streptomycin exposure significantly increases yggT
expression in wild-type D14

To compare the yggT expression levels in the D14 and
ATCC 14028 cells, they were incubated in an MH
broth supplemented with 64 1g/mL (1/16 MIC) or
2 Ig/mL (1/8 MIC) streptomycin, respectively. The
gPCR results (Fig. 7) showed a 125-fold increase in
yggT expression in the streptomycin-treated D14
group, relative to the D14 group without treatment.
In the ATCC 14028 group, however, this prominent
upregulation of yggT in response to streptomycin
exposure was not observed. Upon comparing the two
groups, the yggT up-regulation in the D14 group was
25.3-fold higher than that observed in the ATCC
14028 group (Fig. 6).
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Fig. 7 Comparison of mMRNA levels of yggT between D14 and
ATCC 14028, induced or not induced with streptomycin. D14
and 14028, D14 and ATCC 14028 were incubated in antibiotic-
free medium, respectively. D14 ( ?) and 14028 ( ?), D14 and
ATCC 14028 were incubated in medium with 64 lg/mL
streptomycin (1/16 MIC) and 2 Ig/mL streptomycin (1/8
MIC), respectively. NS not significant

Complementation analysis and spot dilution assay
confirmed yggT involvement in streptomycin
resistance

Comparative analysis examining wild-type strains and
yggT-deleted mutants revealed that the yggT knockout
(D14 yggT::cat) resulted in a 4-fold decrease in the
MIC for streptomycin (Table 3). Furthermore, a
complementation analysis showed that yggT-deleted
mutants could be rescued by introducing yggT, while
in ATCC 14028 cells overexpressing yggT, strepto-
mycin resistance was increased (Table 4). To further
verify the streptomycin resistance phenotype in the
transformants, spot dilution assays were performed;
the results showed that a yggT knockout in D14
decreased the growth rate (Fig. 8). Moreover, Sal-
monella strains harboring yggT exhibited an advantage

Table 3 MICs of 4

e o IV . Antibiotic MIC (lg/mL)
antibiotics in D14 and its
knockout strains D14 DfliS::cat  DfliA::cat DcheR::cat DarnA::cat DyggT::cat
Ampicillin [ 2048 [ 2048 2048 2048 [ 2048 [ 2048
Nalidixic acid 128 128 128 128 128
Streptomycin 1024 1024 1024 1024 1024 256
Tetracycline 256 256 256 256 256
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Table 4 MICs of streptomycin in D14 and ATCC 14028, and
their mutant strains

Strain® MIC (Ig/mL)
Streptomycin

D14wt 1024

D14 yggT::cat 256

D14/pBAD-kan 1024

D14 yggT::cat/pBAD-kan 256

D14 yggT::cat/pBAD-kan-yggT 1024

ATCC 14028 16

14028/pBAD-kan 16

14028/pBAD-kan-yggT 64

2D14wt, wild-type D14. D14 yggT::cat, yggT-deleted mutant.
D14/pBAD-kan, empty plasmid. pBAD-kan-yggT, yggT-
expressing plasmid. ATCC 14028, wild-type ATCC 14028

10
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10°

10+

10~
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1’

Lo

Fig. 8 Spot dilution assays. The cell pellets were harvested by
centrifugation and re-suspended in 1 mL PBS. A ten-fold serial
dilution (107%-107®) of the bacterial suspension was then
prepared using PBS. The bacteria were spotted onto the MH
agar containing 512 Ig/mL streptomycin. 1, D14. 2, D14/
pBAD-kan. 3, D14 yggT::cat/pBAD-kan. 4, D14 yggT::cat/
pBAD-kan-yggT

over yggT-deleted mutants in the presence of high
levels of streptomycin (Fig. 8).
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Conclusion

A mass spectrometry-based LFQP approach was
utilized to obtain further insight into the multidrug
resistance observed in S. enterica D14 at the pro-
teomic level. During antibiotic stress, pathways asso-
ciated with the two-component system, flagellar
assembly, chemotaxis, amino acid metabolism, b-
lactam resistance, transmembrane proteins, substance
transfer, and information transmission were enhanced.
To validate these findings, a subset of up-regulated
differential proteins was examined via gPCR, and
yggT was implicated as a potential resistance gene.
Subsequent knockout and complementation analyses
further confirmed that YggT is involved in strepto-
mycin resistance in S. enterica D14. Overall, these
results provide a new approach for examining the
underlying mechanisms associated with S. enterica at
the proteomic level.
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Screening and performance evaluation of a
zearalenone-degrading bacterial isolate PA26-7

DENG Fengru®**, CHEN Jiahang""*?, JIA Shuhui'?®, YAO Chuying"*?, LI Rongjie'*”,
DENG Yiqun"*?, WEN Jikai '**
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of Life Sciences, South China Agricultural University, Guangzhou 510642, Guangdong, China

2 Guangdong Laboratory for Lingnan Modern Agriculture, South China Agricultural University, Guangzhou 510642,
Guangdong, China

3 Key Laboratory of Zoonosis of Ministry of Agriculture and Rural Affairs, South China Agricultural University,
Guangzhou 510642, Guangdong, China

Abstract: [Background] Zearalenone (ZEN) is non-steroidal estrogenic mycotoxin
contaminating a variety of grain crops. ZEN can cause serious health problems in livestock and
humans through the food chain, leading to great economic losses in the food industry and
livestock farming. [Objective] To optimize the conditions for ZEN degradation and evaluate the
degradation performance of a ZEN-degrading bacterial strain isolated from microecological
preparations, and then study the influence of the strain on the content of phytic acid and
vitamins in feed. [Methods] A ZEN-degrading bacterial strain was isolated from
microecological preparations. The cytotoxicity and estrogenic activity of ZEN-degrading
products were determined by Cell Counting Kit-8 (CCK-8). The phytic acid content in feed before
and after detoxification was determined by ferric chloride colorimetry. HPLC was employed to
determine the detoxification effect of the isolate in culture medium and feed and the vitamin
content in feed before and after solid state fermentation. [Results] One bacterial isolate, Bacillus
velezensis PA26-7, was obtained from microecological preparations, which efficiently degraded
ZEN by secreting extracellular enzymes. PA26-7 degraded ZEN at the initial pH 4.0-8.0 and the
incubation temperature of 25-60 °C. The cytotoxicity and estrogenic activity of the degradation
products were weaker than those of ZEN. The solid state fermentation with PA26-7 for 72 h
decreased the content of ZEN by 66.29%-96.8%, decreased the content of phytic acid by
8.40%—32.26%, and increased the content of vitamin B2, vitamin C, and folic acid in the feed
samples including soybean meal, bran, and moldy finished feed for chicken. [Conclusion]
B. velezensis PA26-7 can be used as a biodetoxification strain for ZEN in feed. The solid-state
fermentation with B. velezensis PA26-7 can effectively remove phytic acid in the feed and
produce a variety of vitamins, which is conducive to improving the nutritional structure of feed.
Keywords: zearalenone; Bacillus velezensis, feed detoxification; phytic acid; vitamin

FOKIRBENA I (zearalenone, ZEN)EH M BEME . SUBSRiPES" . ZEN A% T HPE %
JEER AN —F ISR MM R ARG R WS FE AR, HIE AR 164-165 °CP,
(non-steroidal estrogenic mycotoxin), ZUWLT %  MARIEVIRIFMERINGE . 250 . 667 . IREmM T,
B EK. NEFERYH, B, mif EEEEEEESRS ZEN BT fRee,
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i . DMEM K373, i ZEYE /R AR5 B
N T LT =R DMEM 3593 08, Jb i &k
FHEBBRA ] 1S RANFEGAE M, Sigma 2
Fl; CCK-8 ikl £, e YRS AT BRA 7
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27 SCHR (291 J5 15 1l 2 A 28 1 350 7
B . B A B R 1:100 $58h 5 ZEN &k iF
4 10 pg/mL 1) LB K532, 37 °C. 180 r/min
BE 5% 48 h JE N BE AR R AR B ZEN W L 4k
DUAT R Fr 5O 7 it DR VR R 21 LA ZEN Sy i —
i) MSM KRt EE w4 Yk, WA
bR, PRELTEVR AT . A BRSO Y TR
WAE LB BIE i ERIZR, 37 cCligeid i, F
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TR A B R 5%10* 4A~/mL, 96 FLARFPAEAL
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FR R MR AR SR, RSN 10 uL 45 Wk B
ZEN (10, 20. 30 pg/mL)} X e BT B R it
77 F 37 °C.5% CO, 155+ 48 h Je AL 10 pL
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B2 mL B35 WBOm e A K 2832 mg/mL, 58 °C
2 hEREAH, 2 mL EFERINFUE (100 °C
30 min)JF A o B 2 mL & 10 000 r/min
20 5 min, 3 EEE, WA PBS pEifIFE A,
TS E AR, SHE 2 mL ZBEK 10 000 r/min
20 5 min, 7RI, WA PBS BT E
B AR R AR (400 W, TAF 10 s, [A] 8K 10 s,
It 1 h), #5510 000 r/min &.0> 10 min, 3
ORI R AR & o RS V. R AR
W WIRNEY . SO KRR B .
PALBRE B ZEN ¥REZ A 10 pg/mL, 37 °C
FE 48 h J5 I ZEN [R5
1.2.6 BE#k PA26-7 FEEARN PR EWR

W Wi B TR R K LU (i Rk 5 1 R IR AR AR
2:1 #EFE ZEN 5kt soRHCa A . £k
LA AR, 37 °CREFE 72 he LA IEFPE
B A A5 YR AT R, A ER 1 g EERT S

FIRDRL R EURHEE S, A S AT 80% 2B 7K
VSR, A 30 min FEAMRHE ZEN J5 12 000 t/min
B0 5 min, B 1 mL EVEW, N, BT, i 200 pL
RS, 2 0.22 um GFLIEMRS I8 542 1.2.2
oy VR A TR
1.2.7 HEHESENE

£ [EHFr GB 5009.153—2016 il & 2 Y
Sl A RIFREC 1 g BisEaT a1 SRSk R,
HA 8 mL 1.2% HCI-10% Na,SO, #E 7% 2 2 h,
5000 r/min &> 30 min, & FIHEWREZZE 10 mL.
B 500 puL $2BUK, HnA 500 pL 15% TCA ¥k
IRAT, 4°CHHE 2hJ5 5000 r/min &5.0> 5 min,
IR 0.75 mol/L NaOH 5 pH {E 4 6.0-6.5,
K EZZE 2 mL, B 400 pL FBIN 200 pL
0.3%fiE KL /K 5 12-0.03% FeCls 1AW , 7L/ 1R A5
D7 FEAE 500 nm &b PR SGAE . AR & & T
YNGR

__ M, x2x1000 v
m x0.4xV x1000

b X OARESLTPAER & it (me/g) s my AL
FEM BT R (g); my i 0.4 mL FRRRiE P AR R 1
FafE(mg); 2 AFEWE A (mL); 0.4 Rt
DR B AR TR (mL); VLRGBS A HR B 1A
H(mL); 10 R HEHOR E 24 (mL).
1.2.8 HEEZWEENE

TAFRIC T g REETT S A IRRE, A 5 mL
K, #FEHEE 30 min, 5000 r/min Z.0> 10 min,
B 200 uL EIEWZ 022 um fFLIENIS 185
HPLC #3illl . HPLC HARKI Z5 14 . e
R (C18, 250 mmx4.6 mm, 5 pm); YEAEE
20 uL; W shAH A 4 0.05 mol/L KH,PO, (L =2
Wil 2 pH 6.0), UWishAl B N HEE; Wi
0.8 mL/min; #HZE I, &l HPLC-DAD;
R 268 nm. PEBRELIY : i shAH A 7E 0-8 min
M 90%iE I = 80%, 8—13 min M 80%jh I &
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40%, 13—16 min M 40%3% 38 Z 90%, 5 15Er
WshAH e 6 min, Y SHAHTE K 0.8 mL/min.

2 HZRE5OM

21 BiBEMSE. ik, d5%E
PN 72 3 A A5 RIR0 7 S A 1 4 X ZEN
AT PR 7 5 PA26 (K] 1A, 1B), i
X PA26 7= i HR Y ZEN BRI E £ Y1k,
WA PRk 8 ANHLRETE, A ldar Al
PA26-1-PA26-8, 8 MHAIRVETFETT ZEN [E5575E
HHHRT ZEN A A [RIFEEE AR RCR (B 1C-1D),
22 AEIBREEAEEFREFHIERER
%1t 48 h B KWE, PA26-1-PA26-8 X%

1 PE&fR ZEN BB Fk % 1%
Figure 1

ZEN HA BT BE AR AR, Al [ g b SR Jk
65.9%—-86.3%[1 ZEN (&l 2), H:H PA26-7 J&Bx
ZEN WSR3, ZEN [&#%15 86.3%, Kt
TEHE PA26-7 HHATIGELSY . B %E, PA26-7 J&
—Pk B. velezensis (2R AR A A DR FIR
LG, 45 GDMCC 629265 KL FEE
GenBank, &35 JAPCIJ000000000).
2.3 [EREFYARR SRR R IE M RNE
SR, PA26-7 KGR W BE
ZEN RS 7=y ab B () Hep G2 2 Ji 3 7t R 4K 2.
FTHE, B PA26-7 KMEAREAR T ZEN (21
MieEtE . PA26-7 KBS, FEff ™) w4l T
MCF-7 4L 58, BIREAR 7 4  E 3 2% T 1k

Screening of zearalenone-degrading bacterial isolate.
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B2 /\MEREEEI ZEN BIREREHR
Figure 2 Degradation of ZEN by eight single
bacterial colonies.

BEHES . SRS ZEN W4, 48h 1
RN [N LUl PA26-7 524 Wf# ZEN, I
T e W TP A A TR 0 B i 7 ) R R AR Y
ZEN, [H itk PA26-7 FEfif R ZEN J5 ) i
4D FR T ol 240 A A 2 R S 40 5 R
WETEYE(E 3),
24 BREHEHHMK
P AR TR A T IA XS PA26-7 iEE

B4 T AL . PA26-7 TE LB 15 3% 5L v [ i
REGE, 1K 86.7% (& 4A), HINEHE LB 1E3:
ST IE S0 2 AL o e B IR L 4G pH (HN
6.0 I HA R FFERE ), FIIEBRIE SR A
90.7%] ZEN (&l 4B). PA26-7 [i55 1) J 3i
BT, 1E 25-60 °CYLREIX ZEN R T Al B
HITERRRE 1, 7E 37 °CHIREMEBRES F 5L 91.5%
DL %) ZEN (] 4C). 4 PA26-7 $i¢ 3% Hef it
FeRh B EEFRE, XHE IR ZEN MR
ik, Aol hRIESRHE D 5 pg/mL 19 ZEN,
X} 10 pg/mL Y ZEN {5 BR# 1K 94.7% (K1 4D (4E).
2.5 EMRS AT
M5 10 pg/mL 9 ZEN L[EMEE 48 h )5,

PA26-7 FI44153 % ZEN 26 i H A ] () [ i sk
(B 5), WRKILNEYIXT ZEN MR R
fi%, 43900 5.2%. 3.2%, 56 HH B 7R i P il
A PA26-7 1 F BB 53 o K LI T ZEN
I REAR R 89.2%, LiHWZE AR K AL A
TP AL PR S , %P ZEN BRSO 5 R T
73.5%F11 79.4%, [FIt PA26-7 i i 43 o At
Wifi# ZEN,

3 PA26-7 F&fi# ZEN 489 ZHR S 1 AR R IE 14
Figure 3 Cytotoxicity and estrogen activity of degradation products of ZEN by PA26-7. **: P<(.01; ***:

P<0.001.
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E 4 PA26-7 REFHMKL

Figure 4 Optimization of detoxification conditions of PA26-7.

B 5 PA26-7 P&#E ZEN BEMIR 57
Figure 5 Analysis of ZEN-degrading active substances
of PA26-7.

2.6 TEIRBFHRESHR

A WF 5 ZEN KW bR e &R
y=200.93x-12.536, MK FRE R=0.999 9, 7
0-30 pg/mL Bl N HA RAFHIZPEC R (B 6A).
PA26-7 TE ZEN 5 4L fapRH Rk K al i XS f st
R 72 h S, LA G i it T A - TR A
WY ZEN i AL, TR ZEN ik
£ HH(61.05£10.90) ng/g F%%(20.69+5.37) ng/g, ©
% T 66.2%; %R ZEN P H1(28.00+4.06) ng/g
F%22(6.6243.10) ng/g, TFET 79.4%; EA1H ZEN
e FE 1 (19.78+3.30) png/g M Z(0.69+0.94) pg/g,
[T 96.8% (K] 6B)., PA26-7 7EAS[RIFE &t A I
BEREJIANIA], AIBEJE BT 32 Vs e ikl rh ZEN ¥
FERT], R ZEN 15 4% i) DRl s 22 4E K R T8
IFIA] A REAI IR BR A & H ) ZEN

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn

178



3412 (YIS Gk Microbiol. China

2.7 IEFREFRIHER PA26-7 5L BRI EE A IR, A 85 RA T 4%

A WE 5T bR R W E bR ME D RO TRDRMRERR AR ER S (] TB). EOMTHRRER
y=—1.963 8x+0.369 1, HIZLRH R=0.999 6, £  M(12.32+1.72) mg/g % (8.65+1.58) mg/g, -3
0.001-0.1 mg/mL & FEINZH KR RIF(E 7A). TR 29.79%; EKEZ HERR & 5 AA(18.38+1.70) mg/g

El 6 HPLC #&l ZEN BRI Z(A) K& PA26-7 FEIAR P EY B B AR (B)
Figure 6 Standard curve for detecting ZEN by HPLC (A) and effect of PA26-7 on detoxification in feed (B).
**%: P<0.001.

7 HPLC ®NEBRHIRERZA R ARSI EEER S EHNEL®B)
Figure 7 Standard curve for detecting phytic acid by HPLC (A) and changes of phytic acid content in feed
before and after detoxification (B). **: P<0.01; ***: P<(0.001.
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F% 25 (12.45+2.06) mg/g, “FH T 32.26%; Al
kB H R R A i AL (20.11+£0.85) mg/g FEE
(18.42+1.37) mg/g, K F ¥ 8.40%.
2.8 BREKEFH~%E

AW P A LA R bR IR LR 1, &%
A4z 28 HPLC A5l i TR B 7E 0-30 pg/mL
N4 RAFIVIERDCC R . 4 PA26-7 KIW)S,
SRR S VB, VO, VM A K A%
W EWIN, Hh Ve EFREE T 0.47-18.19 £,
VB, & B4R T 0.63-0.94 f5(F 8, £ 2).

3 WREER

ZEN VE R sl ipkl ke 2% fe v 1 B 1R B¢
RZ—, BWRBWEN RS S, IFER .
& WA A iR, SR B G
TN, 20182020 A E 22 MEHY
3 507 Bk, 3 ZEN 15 YL iR 3k
96.9%, HH 0.5% 1k ZEN 5 e K Pl 1
T ) kL TLAERRER, Ry g ikl ZEN T5
Juiyla) @, K2 & JF R T ZEN A5 it
G o A FE AR AE 2 5 v i 2 AR AR — bk R Ak
Ff# ZEN ) B. velezensis PA26-7, B. velezensis
e B2y B AR R AR AT,
Xt P Al Al Frgk & Je g mE g P eEie
AT IE AL T8 R G G b Ay B AR
5 —FR AT P& f# ZEN ) B. velezensis A2, A2 'k
M 72 h QR LB Kigdkrh 7.45 pg/mL 1)

&1 HPLC EWMNYEE RrfrErLk

Table 1 Standard curve for determination of vitamins
by HPLC

£ E S S I i1 2 LB ¥4

Vitamin  Strandard curve Correlation coefficient
VB, y=310.87x-0.025 0 R*=0.999 8

VB, y=191.91x-0.042 9 R*=0.999 2

\Y@ y=660.04x-0.164 3 R*=0.999 5

VM y=487.06x-0.053 6 R*=0.999 5

B8 WHHRSIEHEZSETH A
B: #kf. C: TR

Figure 8 Changes of vitamin content in feed
before and after detoxification. A: Soybean meal. B:

Bran. C: Finished feed. *: P<0.05; **: P<0.01; ***:
P<0.001.

kol

ZENP! SR1fif PA26-7 #£ ZEN ¥4 10 pg/mL
A IR BE R R % 48 h )T, ZEN [EA# 2855 94.7%,
Rl PA26-7 A ¥ 48h AIREf# 9.47 pg/mL ) ZEN,
55 B. velezensis A2 I, PA26-7 B HA7 S %
Jlo B5E, WHPR A2 4B T, wareRA,
FLAE A FAACA: Wy 64 T BB AR 0L FH 1) mT A5 1 38
BRFHAE, T PA26-7 43 55 T8 25 i 0
ah, WA MG PTRRE ., HIk, Wk A2
ok i A1 e A L PN L (R R ZEN, (H R #
fiff TP 1 2% P R AR S ) T ERT AR PA26-7 3k
43 U0 L PN Tl S B e S B, T A 3 P T A
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#+2 PA26-7 ABRIRIARPHELE RS ENTH
Table 2 Changes of vitamin contents in the feed
before and after fermentation of PA26-7

FE ez RERIGE AMESE CPHY
Sample Vitamin  Contents Contents AL
before after Average
fermentation fermentation content
(mg/kg) (mg/kg) change
(mg/kg)
2 VB, 24.81£5.52 32.77£3.31 +7.96
Soybean VB, 10.82£2.90 17.61£1.76  +6.80
meal vC 13.4842.45 19.79+1.54 +6.32
VM 0.00£0.00  7.56+2.03  +7.56
7352 VB, 438+191  0.40+0.55  -3.98
Bran VB, 11.47+2.31  21.84+£3.46  +10.37
VC 0.3240.53  6.14+1.37  +5.82
VM 9.01+0.89  10.35+1.34 +1.33
mELSA VB, 8.28+2.43  11.45+2.98 +3.18
Finished VB, 6.3042.62  12.25+2.16 +5.95
feed vC 0.76£0.23  3.791.14  +3.02

VM 6.09+1.66 9.01£1.19 +2.92

B T Bk st R B 8 18 1 . e
A2 TEFR A SEBR R FHACR AR AT, T PA26-7
FE 2R T v e I e A B LA B N
TR E FREE M BE ), R R ZEN W T [
66.2%-96.8%, HHIR i T [ 8.40%32.26%,
B VB, VC Fitsrilfe s 63%—94%7F
47%—398%

ZEN 5HM A EE RN — 1 EE AR Z A
M ZEN RESIKMEBCR AN, RECHRIEN
ZEN [EfE w2, (HIE 53 A SRR A TR Ak
AR, HY—ER O AR AR BEXT ZEN #1754
B N, 43 A& IR Saccharomyces
cerevisiae strains LL18 7] F 44 % ZEN, &%
Mt ZEN 3 54 o-ZOL F1 B-ZOLBY  1ij a-ZOL
(14 355 220 2 ZEN 93 500 F51 FLIR B KT
F% 72 h ffiEFEHp ZEN SR T 68%, H
i 1 N2 & %8 98 (oesophageal carcinoma, SNO)
A AR IR AT = M IR AR 0 R,

G128 AT ZEN [ ik i AP e 03 2R 078 1 L 2 TC i
RIGPEM R PP Z 2, Xt 2 HAT ZEN P
BT 7 32 P9 ¥ 25, 2 — o

WAk, EER T L R AR Y R 1B
M TR — B R AEEAR , (HAE AR ST,
BT Y A4 4 R B D ol 22 Rl R R R
FERTEDL . 2008-2017 4EFE4BR 100 4~ E KK
R 1Y 74 821 M iRA TRURHFRDEHEURH AN £ 2K | /)y
% OKREZRES T, 64%BRE S AEAE P FP R
ELEMIE O, TR AR ZEN R4 25 T 4k U
I 45 I (deoxynivalenol, DON)IL:A7E 4L 5 A H
ik 48%, ZEN F{K D E; R (fumonisin, FB)3:
FERIRE A 25k 43%0%), N[ #5 2 2L 2 A B
SR EIVER . HARY ZEN A1 DON A4
TP L5 B0 5L b BRRE 20 A Y I R, P
FE RIS S RE T, 51 AN & R R T AE
SRR BREY, LR R A PiE e 2
Py I AF B SE bR e, 1y T JRe AT [R) i e A 2
Tl 2 2% A e 1 O 3 FATF 9

ZE TR, AT AR 2SI 3R Hh O i AR A
— PR B A% ZEN (1) B. velezensis PA26-7,
PA26-7 TEARDRIBLEE | TrDEL 5 IR 2540 ol 55y T
PR KRR RIS T o ARG 1 AR AE — SE R %
ARG R, e T, R
ATTHE 5T PA26-7 FIF 43006 A9 J A1 o At IR OE A 7 8
alifk, XHIZ R ) B S TR T s A
B i RE R ST PA26-7 X} ZEN (1) A 7= 1) 2
Mo RAEIK AR, THAEREfE Y nte e vk, JfiE
1ok VAR ft Tt e D) e o S S IR L B KR A R AR o
ZFhEE R 1AL B
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Toxicity and antimicrobial resistance of Bacillus cereus group
from microecological preparations for animal use

DENG Fengru***®*  CHEN Yunsheng***® FAN Lin*** ZHAO Leyi"??
DENG Yiqun™*® WEN Jikai **

1 Guangdong Provincial Key Laboratory of Protein Function and Regulation in Agricultural Organisms, College of Life
Sciences, South China Agricultural University, Guangzhou, Guangdong 510642, China

2 Key Laboratory of Zoonosis of Ministry of Agriculture and Rural Affairs, South China Agricultural University,
Guangzhou, Guangdong 510642, China

3 Guangdong Laboratory for Lingnan Modern Agriculture, South China Agricultural University, Guangzhou,
Guangdong 510642, China

Abstract: [Background] Bacillus is commonly used in microecological preparations next to lactic acid
bacteria. However, some Bacillus spp. are not strictly regulated and pose potential safety hazards in
application. [Objective] To study the prevalence of Bacillus cereus in Bacillus microecological
preparations on sale from all over the country, and reveal the potential risks of the application of B. cereus.
[Methods] B. cereus group strains were isolated and identified from the pretreated microecological
preparations. Toxicity and antimicrobial resistance of B. cereus group strains were analyzed using
whole-genome sequence. The cytotoxicity was evaluated via Cell Counting Kit-8 assay. Antimicrobial
susceptibility was determined by broth microdilution methods. [Results] Twenty-three B. cereus group
strains were isolated from 50 microecological preparations, which are resistant to ampicillin, lincomycin
and tiamulin, and the detection rates of major virulence genes nhe, hbl, cytK, ces were 100%, 30%, 39%
and 4%, respectively. All isolates were hemolytic and showed varying degrees of toxicity to Vero cell, 9 of
which produced heat-stable toxins. [Conclusion] The widespread of toxin and resistance genes, and
apparent observations of hemolytic activity, cytotoxic, and heat-stable toxin production in B. cereus group
isolates from Bacillus microecological preparations, pose great threat to food safety and human safety. The
findings highlights need for enhanced efforts required in the surveillance of risk factors, virulence factors
and antimicrobial resistance in B. cereus from microecological preparations.

Keywords: microecological preparation, Bacillus cereus, toxicity, antimicrobial resistance

oA F 0 B s T s AR T R
®, BMRTEFEWRENEL, fERE—BH,
P R AE R sl A KRB 12 W 3h i 3R
a2 ol A A 25 10 B 1 3 8 R 0 P 0 5%
i, R T4 WA BRI A R B
2015 ARl AT A i 8 i) 41 P T 24 [ R A T A
. 2019 4 7 H, RIANIEME 194 54
5, AR A 2020 4E 1 AR, FIEra Akl
PR AR = SR H 2020 45 7 A,
15 1k SR AR K IR A R B R . A
TR S BRI R R, SR e s
iR BRI H AT ar s s A AR L
HLta RIR | LR, Jols Yeik B S 2 5

NI, o BERPUERE %,

ZF F0 AT 78 (Bacillus) i B 2L R T #h 6 9 A
6 A TR B A T Y DR T A 5 v B A
PSR ZEA, BRI A2 4R 7™ . N UG o FE
R BRI B ) R g R P 5 A T A
fifg, K@k R 22K &Y, T3k
oA M. TR B 2E FAT I (Bacillus subtilis) 7E
AR P ST EMERE . SRR E . RFFH
JREETE Y, R 18 bR i A, I BHL
PRGLE SN, Rl BH S 0361 g 3 P9 2% R S0 1 S
B0 B 7l P g A B SR, HFIERTA 3
FOFF TR P FP RIS A B E S, AL s AR
LR ZE AT TR B R 4 TR AR FT B 2 AR BB TS 1Y
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BER, MNMXshPikd ldsEFEMN. & T2482%
J§, 2012 4F 12 A, RIEALEH G 2045 544
CrpRhas s A H 5%(2013) ), H s HHLE A &
AR . HUACEFRAT I . BESS SRR SE 34 Fh
AP TR AT E A T35

KEBFMFFHE T FEME, (A —oxt
NS BAT SO, s 25 AT 18 (Bacillus
cereus), HAEN —MSAHBURE AT SLE G Y T
B, WAE RN ELEEMAEREESUEREZ—, Hp
B Ja i EEPREIR R BN IS A, 5 a A
2 R TE B B AR AR AL o A 2 A IR RT
of BRI ZE A T8 A A T 3R 00 A 7 Bl 1 454>
WrEg, I EHARS R, Wik, mEee s
WS R aE o3, HAE Y 58 T
HUEAE AT R EN EY h R AZ EN .,
IR - Y 3 T 2 RS0 3 £ (Cereulide, Ces),
HOA AR ORI G Rl T 5 LA -+ 3Rk, 1k
PR RRE , ATAE—E AR T AR R IR AR
PEFR O S EUE TS Y 3 R R AR I
Z (Non Haemolytic Enterotoxin, Nhe). % Ifil14: iz
%% BL (Hemolysin BL, Ho) ' fi4iiad % K
(Cytotoxin K, CytK)®!, ix 3 Fiai & 3= 52 2 f7E
Wi kA, NS BUEE LA . W2
FRIR A 225 A B MUAE . WP IR SRS | 20 B P R Y
REFPNR , BEAE WEFEZFFRT TR 24 P o, kg
BT BIMERE IR . A AHDCHE , 45 A= WA 25 4
MR AAAETS 2588 Shoo . WK B B T 257
SRS 2 LA AN TR L A TE A TR T 24 1 TR X
B, filln Esporafeed Plus®y™ i 25 AE IS RE 2E F AT
Tl ERLAE TR R A% 3 170 D0 B 22 i 24 5k EAT T 4 4% 1k 5
EEIL7/ i L s

HAi R m iy B )z, (BARKE
I3 SRR TR A R RAEAE MR R AN, ]
PR A DA BBk R S5 () R, UG A 2R A A 1
o R 5 HOER VPAL e A XURS: o 1% ZR AT T 1
A Z T ) A ZE AR TR A TR RE 2R T 24k ) )

L, ACBIFSE T VTAR A A ) A A A R 2
AP BE I RAE, AN EEVE S ANTA T 2451, #os
ZF A TR TR TR0 v e AU, Sy SRk
A SRR 2 A R AR 2SR R T
YA R 2 S R

1 MRS

1.1 EFZERAFIFNE

F 2018-2020 4£\4x[E 13 45 (A& AR
DO S A S R 3E 1 50 £y, Hd B
34 0y(4n'5 1-34). K;=H 16 13 (9% 5 35-50), Arfg
IR ESBRAA & A ZEHAT TR SO 2R H A TR

Triton X-100, JbHtRIEEAYREA R
Al ARNEER. BER. TWERSE, L
SRR A A FRE . EERERSR
B AR KB A, AT AEY TRCEE) A
BRAW EF4EFin, T E RAEYPRHHECABRA
Hl; BIEWE, Biowest 2] MEAE ZEAUAT R BES
R, R AEY TRARAE; DNA flifRil
Mg, RRAAFRH ) AR A 4o
M&-8, FFMEAYPHARAE; ke h
9% 471 H- Duopath® Cereus Enterotoxins, Millipore
ANwls AR E RN &, AR IR
VAHTS Universal DNA Library Prep Kit, &l
WMEBE A PR Ry A IR A W)

A A B IR 4G, Memmert A H ;£ I AEEFbR
1%, Molecular Devices 2\ #]; AFRHMA, Jb
HAR A G MR A RAF,

1.2 A%
121 SEHFETENS BHIE

Bl A 2 o 300 R A (B8R0 ) 5 o R R 2 v ik
(Phosphate Buffered Saline, PBS)##% 1:10 ({AFH1L)
HEE, WA TSR A R O G g2 5, T
37 °C fElEHFF 12-24 h, PhkiEasire, AH
AN, RIS BIIERA TR )5 A Wk 21
FFER AN, A=k 5 LR ELE
LB [ 37 °C. 200 r/min JeF R )G, i

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn

189



XBIRUANZE: 2l FH 24 ST fol A 2 T 5] i P AR 2 AT ) 70 8 S 2 e 3717

WE R 165 TRNA JLH 5 Z 07 5751 437
(Multi-Locus Sequence Typing, MLST) M2k k% 5
WA 10 5 B PR 15 % I R B AR .
DNA fli#i ) G P i ARtk 2L 41 DNA,
PAiEA TR 22 00F 5
1.2.2 HELEFEEBNF

HEHA BB Ikaifb )5, A VAHTS
Universal DNA Library Prep Kit F %l /¥ S e, i
H Mumina NovaSeq 6000 X i 1 ft) di A 25 f0 41 14
AT AR Y, W 58 B % T ik ik ER A iF
FIPFe SR R, JF 0 3R — Bt o i
e A s AN R o
123 BHEFRANEBERRENE

P U R 2 AT TR R S R B R 1978 25
A 7K i T 2 1 B 8% 77 36 (Casitone Glucose Yeast
Extract Medium, CGY)r1, 32 °C. 150 r/min
B3R 6 ho WA BIEWIMAAED 10 min, B A=
S, R G e 2T o M 1 E R A
FHRIFFHE . WZ B TSI, WEETS
b, FRid ERRAE SR SRR, 2 h SERLIIR . K
W5 SO AT EYEW 150-200 pL AR,
A B OVAE, ZE1F 30 min WZELER . 30 min
P, FEILR (C) B /m 21 I 2 BN R E 8 T4
Rl BRI, A6 2 (T) A4 i £ (C) [F] i 8 7S 41
o AR EIMERT, RIZ(T) AN S, M Z(C)
WRE
1.2.4 {RAEE AN

U RE ZF 6 FF B 43 B BRSO RE ZF AR S
ATCC14579 #:Ah TN A 1% %W CGY K3kt
H1, 32°C. 150 r/min 5% 6 h, A THESE LAY BRIRTE
4°C. 8000 r/min E5.0> 20 min ERREA, HlE0 E
TS ZF P IRFE R, RAF T80 °C f¥ka.

BN, HC5 mL £ 1fF 4 °C. 3000 r/min
B0 10 min, FF T, MASEAT 1xPBS Il H
£, 4 °C. 3000 r/min &.(» 10 min, TR iZAE
1K, HURIIAZEARFL 1xPBS 7 i B i er 4n

MW . P EIAZI A0S 1.6 mL T 18.4 mL
1xPBS W, RS, Hil 8%LL 42 . ik
EAAC PR S ICAb PR AL FRE . AR 2 fAT
A # F 7E 100 °C FALHE 10 min; JCARFRAL . B
FEZEIFF B RAEZ W T ACE 10 min, B LA
2 200 pL BEAEZEARAT R EE R 5 AT 8%LL
I BIRS), FE37°CHFHE L h, NIMEmERMW
A%ZT 2 M= W Sl B X B, im AL Triton X-100
5 ERTR 8% L 4 M B W ok FHME X BR, R B
576 nm TRAMINOGIE . #imEHEARN: Hil
(%)=(ODsampie—ODnegative)/ (ODpositive—ODnegative) X100
AR ER 3 Wk, BOTEFHE, iR
INF 5%,

G 0w 5, R A DN 2R B 2 i (Vero)
RIS AR 27 F A B R aEE, AR B A A
WA DRAFFHE P B IR T 2 05, AR B A MRS
RO, Ao P R R ol P 200 e o S 200 i A
2 10* AN ALANM AR 100wl 40 & 96 FL
B, 55 1FLANA 10 pL S5 HE 2R AT I #E R AR A A L
WRERH 10 4L, % 11 5 12 FLoyBHM: S BIMEXT
M. T 37 °C #15% CO, &M M ;3w 24 h i, JH4l
M0 &-8 e ANIEAATE %2, e s RTE
LHIEUE (ICs0) T FE R M RERIAE R, T See
3k, IR,

125 HEHFANES BRI NIERENE

SR FH 22 [ I R FN S 36 % bR A 22 51 23 (Clinical
and Laboratory Standards Institute, CLSD#EZ7AY A
TR R TS AR ZE AT R S B R B PR
M2 . EABETT R . RIFAERZE . IR RE. &
B 2R RAF 1128 13 FPLA: R BURAE , /MR
¢ JE (Minimum  Inhibitory Concentration, MIC)%%
JRFM F SR CLSI M100-S28 (2018), LA4#
(O PRIE ATCC 29213 M=k, [ 21
2 A

PURA 25900 e Y T L K MIC H e AR L3 1
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Table 1 Antimicrobial susceptibility test ranges and breakpoints

25 4 5 AR 5 7 el Fi € b1t Breakpoint (ng/mL)
Antimicrobial agent Range of control Range of test UK g il 24
(ng/mL) (ng/mL) Susceptible Intermediate Resistant
SR PEA Ampicillin 0.50-2.00 0.50-256 <4.00 8 >16
PR KA Z Gentamicin 0.13-1.00 0.25-128 <4.00 8 >16
BEREZ Streptomycin 0.13-1.00 0.25-128 <0.50 1-2 >4
21452 Erythromycin 0.25-1.00 0.25-128 <0.50 1-4 >8
PU¥RZE Tetracycline 0.13-1.00 0.50—-256 <4.00 - >8
BHNFRZ Tigecycline 0.03-0.25 0.25-128 <4.00 8 >16
75 2% Chloramphenicol 2.00-8.00 1.00-512 <8.00 - >32
RH VA Ciprofloxacin 0.13-0.50 0.13-64 <4.00 - -
Jih % & Vancomycin 0.50-2.00 0.13-64 <1.00 2 >4
FI £k Linezolid 1.00-4.00 0.25-128 <4.00 = >32
FETEZE Lincomycin 0.06-0.25 0.13-64 <0.50 1-2 >4
ZRYP & Tiamulin 0.50-2.00 0.25-128 <4.00 - >32
45 Rifampin 0.01-0.02 0.03-16 <1.00 - >4

TE: —: CLSIARS e 25 ffE
Note: —: The CLSI has not provided MIC breakpoint values

2 ZRH545MW
21 FANEMNS. REAS5%ETE

Fl 2018-2020 4F M4 [ESCAR % 2R AT I i A
AW AL 50 fy, R BAFEIL R, W, W
M. REVL. Wi . VLI, YIRS LAR . pif
B, R, Wi, EK 13 ME(EEW/AR
X))o H S FHRAESSIR 34 By, KA
AR 16 1, ZBCREPEHE IR sk Bk R
A, H SRR E AR B . A
N FRAEREE o ) B A 28 J AT B R 40 o
23 tk, b\ 34 BB AR B 15 BRIEAE
AT ERFANTE, 0By 44%; M 16 FUKAES)
Y= o325 8 MRISFE ZEIAT IR, 43255 50%.

MR A% TR — S AT, 4 B R S AR Rk
3 DR 28 e 9 AAB) At >950 FT A Ay 2 7] — 7l 40 i )
(G2 FIE 1), ASCrEtkEEATsIC bR EE
ARl F 5 .0 (Bioproject: NMDC10017720)
WEREZE AT IR 5 00 = G 2R AT I . R AR AT A
A v s AL AR, A BT R R AR AL ) B

(K120 K 75%—800%F A HE R, {H =35 2 [H] b Hh ik
FU e 25 ) 23 BRMERE AT I T g R AR
cry fEftl AR IE N 5 cya BRI BRI, Frfy
kR Rt B IE, PHERR > Bk IR = 4
ZFUAT R ST . 23 PR kP 21 4%
41 B. cereus, 1#%k4 B. toyonensis, H:H Bacillus sp.
15-1 RAEXE BIMOKF-, H S IREAR ZF A i [A]
Ui, RESFEZEAUAT R AE AT, Sk BB AL L
oy BRI 22 ARl A AR 2SI ) b o B AR AR
TSR A ROR S B 48 5 FE i AN AR B A 15
AP0 FH S A 2 FOAT BRIV S TG PR TR AR, T FL 4 B
a AR B TR S o A A R L A
TEARZE AR SO | BB L 7 i T 5 52 B
AFFEE ]
22 BEHFHRAENSHNEERETER

I3 BT R 23 BRUEAE 27 F0AT TR A AN PR Hl 2
Fhag BRI, Hrh RZHOh R R, X3R4
HATEE IR (A 2), KRBT A wR &
B MAYEN #E 2 FE nhe (nheA. nheB. nheC),
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Table 2 Characteristics of 23 B. cereus group isolates from commercial microecological preparations

7= i Product

FHi& Usage

S Place of origin

S ESFE 1solates

1 Feed additive for livestock Meishan, Sichuan, China B. cereus 1-1
2 Feed additive for livestock and poultry Changsha, Hunan, China B. cereus 2-1
3 Feed additive for livestock and poultry Xinxiang, Henan, China B. cereus 3-1
4 Feed additive for livestock Daging, Heilongjiang, China  B. cereus 4-1
5 Feed additive for poultry Xinghua, Jiangsu, China B. cereus 5-1
6 Feed additive for poultry Zhenjiang, Jiangsu, China =

7 Feed additive for swine Heze, Shandong, China =

8 Feed additive for livestock and poultry Yichun, Jiangxi, China =

9 Feed additive for poultry Yichun, Jiangxi, China =

10 Feed additive for swine Taian, Shandong, China B. cereus 10-1
11 Feed additive for livestock and poultry Taian, Shandong, China B. cereus 11-1
12 Feed additive for poultry Yichun, Jiangxi, China B. cereus 12-1
13 Feed additive for livestock Zhengzhou, Henan, China =

14 Feed additive for livestock and poultry Zhengzhou, Henan, China B. cereus 14-1, B. cereus 14-2
15 Feed additive for poultry Zhengzhou, Henan, China Bacillus sp. 15-1
16 Feed additive for livestock and poultry Zhengzhou, Henan, China B. toyonensis 16-1
17 Feed additive for livestock and poultry Tianjin, China B. cereus 17-1
18 Feed additive for livestock and poultry Taizhou, Jiangsu, China =

19 Feed additive for poultry Taizhou, Jiangsu, China =

20 Feed additive for livestock and poultry Taizhou, Jiangsu, China =

21 Feed additive for livestock Taizhou, Jiangsu, China =

22 Feed additive for livestock and poultry Xinyu, Jiangxi, China =

23 Feed additive for poultry Hangzhou, Zhejiang, China =

24 Feed additive for poultry Zhengzhou, Henan, China B. cereus 24-1
25 Feed additive for livestock and poultry Zhengzhou, Henan, China =

26 Feed additive for poultry Nanchang, Jiangxi, China =

27 Feed additive for livestock and poultry Luoyang, Henan, China =

28 Feed additive for livestock and poultry Luoyang, Henan, China B. cereus 28-1
29 Feed additive for livestock and poultry Luoyang, Henan, China =

30 Feed additive for livestock and poultry Chengdu, Sichuan, China =

31 Feed additive for swine Chongging, China =

32 Feed additive for livestock and poultry Zhengzhou, Henan, China =

33 Feed additive for livestock and poultry Beijing, China =

34 Feed additive for poultry Beijing, China =

35 Water purification for aquaculture Beijing, China =

36 Water purification for aquaculture Changzhou, Jiangsu, China =

37 Water purification for aquaculture Zhengzhou, Henan, China =

38 Water purification for aquaculture Zhengzhou, Henan, China B. cereus 38-1
39 Water purification for aquaculture Zhengzhou, Henan, China B. cereus 39-1
40 Water purification for aquaculture Zhengzhou, Henan, China B. cereus 40-1
41 Water purification for aquaculture Xinyu, Jiangxi, China =

42 Aquatic feed additive Zhengzhou, Henan, China B. cereus 42-1
43 Water purification for aquaculture Hangzhou, Zhejiang, China =

44 Water purification for aquaculture Nanjing, Jiangsu, China =

45 Water purification for aquaculture Nanjing, Jiangsu, China B. cereus 45-1
46 Aquatic feed additive Zhoushan, Zhejiang, China B. cereus 46-1
47 Water purification for aquaculture Taiwan, China B. cereus 47-1
48 Aquatic feed additive Nanning, Guangxi, China B. cereus 48-1
49 Water purification for aquaculture Zhengzhou, Henan, China =

50 Water purification for aquaculture Zhengzhou, Henan, China =

e = RO E R 2R AT TS
Note: —: B. cereus isn’t isolated from the corresponding product
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B2 WEFRTEHSHIERLS
Figure 2 Virulence genes profile of B. cereus group
isolates

o i 2% 100% (23/23); 7 Bk bk & A W LPE N
Z L hbl (hbIC. hbID. hblA), #:Hi% N 30.4%
(7/23); It 9 BROTEME T AMMEER K ACER
cytk2, # 2 39.1% (9/23); P B. cereus 4-1
AP 75 3R B A ces, [A]IPHFAT 17 3R R RIAEL
PR R RIBAOCIER . T o B ks 9 ak
DL ERyEE 1A, b B, cereus 3-1 4 46-1 #7k
BN ERE, WEBEE T 22 DE i
o AWFEHGE, #H5 hlyl 2507 35 K A I RE 257t
T S A T B PR 2R AT Y AR
A 5 HRSrESkE B. cereus 3-1, 24-1, 38-1, 46-15
47-1 5 hiyl 8 ) 56K, SRR T ReH A ™
HEE M LERE,

Gy EARAE B ST R S A R A
Rl R0 5 Fh2AY. | &Y nhe, hbl, cytK; 11 %Y
nhe. cytK. ces; Il # nhe. hbl; IV % nhe.
cytK; V % nhe, V BUTERR G HiRZE, h 43.5%;
HUh 1 5V BIE, 0005 17.4%.
23 BEXREWIESHEFHENE

21 RS ZEIRAT I 4 B PR RR IR W R A Bl
W EE R KL, 1 B. cereus 15-1 ¥ I L1
R HIEENEREER, (H¥AKRIL; B. cereus
16-1 ¥k s i Pk B 5 R ILREOR 36 . 23 BRIEAE
ZTERUFF PR AR S0 15 R 38 B B0t AS ) A 38 10 s Il ke
Hrpf 9 BRIEFEZFF AT 1 B R AE AL PS5 B A

W, U TR R B R A TE TS Qe B Y sURDR S
77 A R R O TR o AR R BRI XU . 8 Bk
U RE 2R IR 4 B AR T 7 B2 X Vero 4
RFPRUERE T ™= A A I 75 1, S TR] 43 B bk i 7
NI A AN TR FR B A B, RIS TRk A B
R MR SR, WA, A
T 2h ¥ 16 i B i 5 FH 7™ i 1) B. cereus 28-1 43 55
PRI R A BB PR o, 20 AR vERRIY 2 £
(% 3).

2.4 YA ETRAERIETIER

D 23 BRAEAE ZFFOAT DR 43 B Ao 8 13 At
AR 2GRS (B 3), A AR 2 AT T E i 32
FURTUMR ., MATERR S RPHERX 3 K59, XF
BmAR., KRKEX. #ERX. ¥NDE., A%
MRl Ol R AR R B R, & 1tk
SrEMRAT AIRBIN IR R | AR R | LR,
fif 2524 4.3%.

JIT A SRR ZF HOAT TR 40 B Ak R BT 3 PP 2y
I, Ui B BRI 25 bla2, BiE Kt
2 SLIA fosB AN 58 4 11 J7 v B it 24 3k 5 R
vanA. B LRSI 2535 R bla2 #ik B N BEAESS
KRN Bla KigHE BRI, KMISHFmE &AL
PiAER, a7 bla2 SLR M B bR 22 bk, #EHF R
M 95.6%; BEEERM 25N fosB 77 A i BEALEE 7
it 5 B PR R S TR R R 2R TE , TR 2
FRLFF B 43 S AR 35 4577 fosB 3L 1M, #5717 % 100%;
T B Z T2 vanA BENU IR BRI A S
REAR T M B R IR, A S 2T TR 4 2
MRISHE A SR B R R M 25 BE % vanA, #
HAN 100%., SERERYT I EE R M2 AL % vanA o
vanRSHAXYZ, 1fii it 43 &5 bk 4 H 4547 vanRSYZ rh
R — B AN HEIN Bl vanA SR FE A% O 3
K vanHAX, Hrb 14 #5747 vanRzZ, 7tk
vanR, 2 #k#Eir vanRSYZ,
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Table 3 Distribution of toxin genes and cytotoxicity of B. cereus group isolates

SrEtE pERERMGREERRE T 1ML e L T ©
Isolates  Genotype and phenotype of enterotoxin® Hemolysis rate (%) Hemolysis rate” (%) Cytotoxicity®
nhe/Nhe hbl/Hbl
1-1 +/+ = 68 65 140.15
2-1 +/+ = 62 0 91.08
3-1 +/+ +/+ 78 67 45.52
4-1 +/+ = 76 68 64.26
5-1 +/+ = 59 0 47.34
10-1 +/+ = 61 0 97.98
11-1 +/+ = 72 69 175.56
12-1 +/+ +/+ 75 0 107.83
14-1 +/+ = 88 10 40.25
14-2 +/+ = 79 0 49.20
15-1 +/— +/— 49 0 34.90
16-1 +/+ +/— 55 0 60.72
17-1 ++ = 56 0 82.86
24-1 +/+ = 65 52 141.64
28-1 +/+ = 50 0 209.35
38-1 +/+ +/+ 57 0 72.54
39-1 +/+ = 63 0 62.39
40-1 +/+ = 66 0 61.96
42-1 +/+ = 51 0 157.68
45-1 +/+ = 64 58 172.49
46-1 +/+ +/+ 64 49 116.61
47-1 +/+ +/+ 55 52 124.50
48-1 +/+ = 68 0 87.20
Tt R HIN R R L M 5 KT IR R A, Y, e ° HRAGERENR; 0 A1 EREst

TERERMRASE, U B. cereus ATCC 14579 ICso T R EBEAT N 112.4
Note: *: Whether the corresponding enterotoxin gene is carried or whether the corresponding enterotoxin is expressed normally, + means
positive, — means negative; ®: Hemolysis rate of toxin after heat treatment; % Toxin dilution fold when the cells are half lethal, such as B.

cereus ATCC 14579, the toxin dilution fold is 112.4

B. cereus 1-1 #5747 VUM 2 A AMHESE I A tet (45)
AU RN 2y, Z58{H N 32 pg/mL; Bacillus
sp. 15-1 #E W A R LRSI A cat, RILH A
BRI 2GR, HHUEN 32 pg/mL. HIME 5 Bk
Oy BSARIEAT LR R 25 3L mphL, 2 BRS> BIRkA
WL HEMZGHEN IsaB, AN FEBEEE. KHN
Fe2s . BOMIE 2RI MRS 7 225t
%, A 1 bk BRI S mphL 5 1saB.

3 WikE4S®

EERRIRA BE NP AE R MRy, LA
B BT R S v, AT AT T shrps &k, 18
Bl A 25 R0 R A A fol P TR AR AR RN T B A M

I AN RS DT, 7 B 4 ) 24 1 ol A 2 A 5 )
J& o ABETENCHERY 50 13 & 28 FAT I A Il A 25 i 571
FAAETE R A | PR R E A SERE | T R
EREAMTERS, ML REH A 2 UiE ,
725 D MR A BT ) 5 ST R R, s A 25
R A 7 s PR B B R T SRR
AR A RO AE [ N AME AR . Sh W3R B 45 D7 I
WAz R, SRR BT 2 AT R R R AT
RAFR 2, BEVE ARSI IR .
e, MR ZE AT R AR AE B AR R R ATz,
A TR ROt 2R B, AR 3 ) i
FREAEDST L P[] R ZEAUFF IR — P S B0 AT
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Figure 3 Phenotypical and genetic profiles of
antimicrobial resistance in B. cereus group isolates

TF: AR: Mi{2h; ARGs: M2

Note: AR: Antimicrobial resistance; ARGs: Antimicrobial
resistance genes

AT 4 KAy B A SR TS AL MO
NG TFAEHE, g AES M. ah. i
FEREE ST R 2 BT5 g o v R e A
I A PR 2R, 2003-2007 4EIA], 1 060 i
M PEEIRPEh RS h A 120 R A 2R
B, & 11.4%, f55 3 P9 h e
WIERETEE A A, KR EYhEEHANZ
ML, SRR 2R FOAT R ELA (R 2808 LA RE
T AR . AR N A s ke P
ASBIFFE N 50 3 T B B A A5 00 i 0 2 43
F T 23 PRESFEZEARAT IR, A 43 BRI S B[]
R B (R i 5 A M B o R P 4 3 DR 200
FE Aoy BRRRE S IR, & BT M RE 2R AT
PR SRR O ek LA B RE KN, T ELE 4
i B/ — Pl A R 95.7%0) 4 BARBEIE H
KikWEEZE, Hrb B. cereus 28-1 M4 EEYEZ K
PRIERER) 2 f5 . AREERIN & L2 RfE 2018 4F
RAMTE R FIEE, HERRIE A DR
FREN ARG EE AR, Hik, LAy
A R ZEFLFT R A R IOR AR G Bk . A,
B. cereus 4-1 #5afy it 5 R ILA K ces, HIELHE

Y pBCE4810 ki b (&t 5 5 B A PR IS
99.9%, [FIAHEAY nhe 5 cytk2 JEH, HEdfiE, K
SRS AR nhe JEDN, bR T B0t
PR 2T RN ik 5 Y oA 14 [ B 4z A4 2224 s e
BERMET T Aa0E . RET 32 M iR AR v IR0 S R
K IE; R, Bod &R e i Tl # A
H G E AT, B AR B — Be i ]
AE e Abbgs & BRSO # bk B. cereus 4-1
G, i 8 MBI RUE TR, HENIL S
35 Z XM IERE A IRE R R, ik, i
T R P BN BRI IZ 2R T R T AN
P, MUESHIR AR — O R e R
PR S — B KRR AR

23 BRESAE ZEARAT B 43 B R 0 25 W Rl 45 2R
55 O R IE (SR 2R AT DR 2 W SRR 45 A A
Sy 23 BREFFUFT TR 20N AR . PRI R R g
IR, MATR JUARGAGERMZ
AN 4.3%. A WEFEF AN B 2R AR O ARRT
KRRMZ, X T ATP 45448 E A/
ST R SE AT B AT R M IR A BIL R A T
2y, AT R S 9T K B R 2 A AT T SR A
FORF A A AR A bR T 2 R 2 e R 0 A 2t
FF DR 75 A LA RORT e 28 SR SR Tif 245 PEAT s it — 26
W5 . 95.6% M 43 5 MR 15 A7 B PN Ik e 28 /K A il
FEIR, IXCRECT A AT RN R R 2R Wit
2, FFA SCHTHRIE 0 R ZE AT BT SR P AR Y
it 2 m Y, B. cereus 1-1 #5745 T tet (45)PUIRZ 4]
HEZEIEIR, 28 Foxd e 4 & B % 3 [R5 22 i 41 3 1)
B. cereus 9i B Zli 1k tet (45)AF{LLE 14 99.85%), ifii 5
ZANFEIRIE, B. cereus 1-1 4355 [ VU1 i m i
AR, B. cereus 9i 43 F LA A f 2k A
F, RXHENTRAT] 25 A W RE ZE TR BT HE AT A T 2
PR B on A AT Re) 2GR, i — 2B Ui
it 245 % Sl TO AR 9 45 A ZE A AN W] N A TR
AR, A A DA 25 P 0 KU, TR
BRI M B RS A TR AR
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