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Abstract

The contamination of food products with ochratoxin A (OTA) is a significant and pervasive food safety concern.
In this regard, the novel use of lactic acid bacteria (LAB) to eliminate OTA from food has shown strong potential.
The adsorption of OTA to the Lacticaseibacillus rhamnosus Bm01 (BmO01) cell walls has been demonstrated to
eliminate OTA from grape juice effectively. The present study investigated the specific components of the Bm01
cell wall on OTA adsorption and evaluated the effect of BmO1 on grape juice quality using high-performance liq-
uid chromatography. The results showed that the treatment of methanol and formaldehyde caused cell membrane
perforation and enhanced OTA adsorption of Bm01, which reduced 98.35% and 95.13% of OAT, respectively. The
involvement of cell wall proteins in the adsorption of OTA was demonstrated because only 5.23% of OTA was
removed by BmO1 without cell wall proteins. Lactic (from 0 to 1.69 mg/mL) and acetic acid levels (from 0.14 to
1.45 mg/mL) were increased, malic acid (from1.24 to 0.81 mg/mL), glucose (from 8.8 to 6.91 mg/mL), and fruc-
tose (from 12.73 to 7.47 mg/mL) levels were reduced after treatment with BmO1. The addition of BmO1 shows little
negative impact on color and light transmission. Overall, the effect of the addition of BmO1 on the quality of grape
juice was found to be minimal. These results indicate that BmO1 has the potential to be a viable biological solution
for mitigating OTA contamination in beverages, thereby offering a practical and effective method for food safety.
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Introduction and high temperatures, it becomes difficult to eliminate

OTA contamination from foods completely (Ben Taheur

OTA is a mycotoxin primarily synthesized by various
filamentous fungi, including Aspergillus and Penicillium
(Azam et al., 2019; Ringot & Chango, 2009). Numerous
studies have demonstrated the diverse toxicological
effects of OTA, including nephrotoxic, teratogenic,
carcinogenic, and mutagenic effects (Garcia-Perez
et al., 2021; Patricia Casas-Junco et al., 2019). It has
been classified as a group 2B human carcinogen by the
International Agency for Research on Cancer (IARC)
(IARC, 1993). Due to OTA's ability to resist both acid pH

et al., 2017; Delgado et al., 2021; Wei et al., 2021; L. Wu
et al., 2020). Therefore, OTA contamination represents a
significant food safety problem and risk to human health.

OTA levels in food are a significant concern globally
due to their high stability (Pittet, 1998). Grapes and
grape products, such as raisins, grape juice, and wine,
have been identified as one of the greatest sources of
OTA intake by humans, accounting for 10-15% of the
total daily intake of OTA (Stefanaki et al., 2003). OTA
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contamination in grapes and grape products has been
reported in many countries, including Iran, Croatia, and
Argentina (Heshmati & Nejad, 2015; Marino-Repizo
et al., 2017; Zurga et al., 2019) as well as the USA, Italy,
and other Western European countries (Di Stefano et al.,
2015; Palumbo et al., 2015), with levels of contamina-
tion of individual samples ranging from 0.93% to 99.3%
(Bejaoui et al., 2006; Kumar et al., 2020; Serra et al.,
2003). Due to its potential toxicity, the European Union
(EU) has established maximum limits for OTA contam-
ination in different food products. These limits include
5.0 pg/kg for raw cereals, 3.0 pg/kg for processed cereals
(FAO, 2004), and 0.5 pg/kg for infant foods (Commission,
2005). The EU has also implemented OTA limits in grape
products, including a maximum of 2.0 pg/kg in wine and
grape juice (Commission, 2005) and 10.0 pg/kg in rai-
sins (FAO, 2004). Therefore, there is a significant need to
identify strategies for limiting OTA contamination, given
its potential impact on human health and the need to
adhere to strict regulatory requirements.

Biological methods have recently garnered increasing
attention as a viable alternative to physical and chem-
ical approaches for removing OTA from food. Various
microorganisms, including yeasts, bacteria, and filamen-
tous fungi, have been reported to effectively control OTA
contamination (Zheng et al., 2016; Chen et al., 2018).
Previous research has primarily focused on using yeasts
to mitigate mycotoxins (Fiori et al., 2014; Yang et al.,
2016). However, as a probiotic, LAB could be an ideal
bio-preservative candidate for reducing mycotoxin by
adsorption or degradation in the food industry (Smaoui
et al., 2023; Punia et al., 2022). Piotrowska (2014) inves-
tigated the capacity of three active (living) or heat-inac-
tivated (dead) LABs to remove OTA. Further studies of
the underlying removal mechanism indicated that OTA
adsorption was attributed to the surface binding of OTA
on cell walls facilitated by hydrophobic and electrostatic
interactions. Haskard et al. (2000) reported on the abil-
ity of the carbohydrate component of L. rhamnosus GG
cell wall to be removed through hydrophobic interactions
with aflatoxin B1 (AFB1) from an aqueous system. These
findings were further supported in subsequent research
conducted by Zoghi et al. (2014). However, the release
of binding toxins, the factors affecting the adsorption
capacity, and the adsorption sites need further study
(Punia et al., 2022). Thus, regarding OTA removal, it is
necessary to elucidate the precise mechanism by which
LAB removes OTA from food products to facilitate their
use for OTA decontamination.

The potential impact of microbial OTA removal on prod-
uct safety and quality must be evaluated to gain reg-
ulatory approval for their commercial use. Enzymatic
degradation and cell wall adsorption represent the two

primary methods by which microorganisms remove
OTA from food products. Several studies have reported
that enzymes produced by microorganisms can degrade
OTA and transform it into OTa, which is less harm-
ful (Bejaoui et al., 2014; Palmira et al., 2015). However,
despite the relatively lower toxicity of OTa, its potential
effect on human health is uncertain, indicating the pos-
sibility that the elimination of degradation products may
necessitate supplementary procedures and expenses.
Consequently, cell wall adsorption of mycotoxins, such
as OTA, for detoxification presents a distinct advantage
as it does not deplete substrate components or generate
secondary metabolites (Farbo et al., 2016). Consequently,
microorganisms whose adsorption is the primary mech-
anism of mycotoxin depletion have broader commercial
applicability. Notably, however, the impact of biological
mycotoxin removal on product quality should always be
determined. Gumus and Demirci (2022) observed that
introducing L. acidophilus DSM 20079 in grape juice
reduced pH and viscosity, potentially compromising
its overall quality. Wu et al. (2021) reported that incor-
porating LAB into grape juice altered the proportion of
sugars to organic acids and increased the level of pheno-
lic, enhancing its distinctive aroma and flavor. Leonardo
et al. (2015) examined the impact of S. cerevisiae W13
and BM45 yeast strains on anthocyanin content in
OTA-contaminated wines. Their results revealed that
adding yeast cells significantly decreased anthocyanin
content, resulting in a loss of color. Thus, while biologi-
cal decontamination of mycotoxins in food products has
provided favorable outcomes, it is not without potential
problems, including a potential loss in product qual-
ity. Consequently, additional research on the impact of
OTA removal from food products by microorganisms on
product quality will provide valuable insights that can be
utilized in the commercial implementation of biological
approaches to mycotoxin removal.

Zheng et al. (2023) previously reported that L. rhamno-
sus strain BmO1 effectively removed OTA from grape
juice, primarily through cell wall adsorption. Notably,
BmO1 also successfully purified commercially available
grape juice contaminated with OTA. However, the pre-
cise mechanism underlying BmO1lcell wall adsorption
of OTA and the impact of BmO01 on the quality of grape
juice was still unknown. Therefore, the present study
investigated the effect of cell chemical modification on
the OTA adsorption capacity of BmO1. Furthermore, the
main chemical components involved in OTA adsorption
were studied by separating cell wall components. In addi-
tion, the influence of BmO1 on grape juice quality was
also studied. The results would provide valuable insights
that can be utilized in the potential commercial develop-
ment of BmO01 for OTA removal in beverages.
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Materials and Methods
Chemical reagents

Chemical reagents used in the experiments included
acetonitrile (Tedia, USA), methanol (Tedia, USA), and
high-performance liquid chromatography (HPLC)
grade acetic acid (Concord, China). One milligram of
OTA standard sample (Pribolab Bio-logical Technical
Company, Qingdao, China) was dissolved in 1 mL of
methanol to produce a 1 mg/mL OTA stock solution.
OTA was stored at —20°C and shielded from light to
maintain stability. Phosphate buffered saline (PBS 0.1 M,
pH 7.8, mixing 0.1 M NaH,PO, and 0.1 M Na,HPO, at a
volume ratio of 3:47) was chosen as an excellent solvent
and stabilizer for OTA degradation and protein treat-
ment in the following experiments.

L. rhamnosus Bm01 culture conditions

The BmO1 strain utilized was obtained from previously
preserved strains within our laboratory. The Bm01 was
activated by inoculating the BmO1 to 5 mL de Man,
Rogosa, and Medium (MRS) liquid media (Qingdao
Hope Biological Co., Qingdao) and cultured at 37°C for
24 h. One hundred microliter of activated BmO1 (108
CFU/mL) was inoculated into 50 mL of fresh MRS liquid
medium in a 250 mL flask and was cultured at 37°C for
24 h. The BmO1 cells in the culture were collected by cen-
trifuge at 10,000 rpm and 20°C for 5 min. The cell pellets
were washed three times with physiological saline (0.9%
NaCl) prior to use in the experiments.

BmO01 cell wall modification

The BmO1 cell pellets were then inactivated at 100°C for
20 min. After that, a total of 5.0 g of inactivated BmO01
cells were placed in a 250 mL flask and mixed with 50
ml formaldehyde, 50 mL acetone, 50 mL of 0.1 M NaOH
(alkaline solution), or 50 mL mixture of methanol and
hydrochloric acid (v/v, 50/1), respectively. The mixtures
were then stirred at room temperature for 6 h and col-
lected by centrifuge at 10,000 rpm and 20°C for 5 min.
The bacterial samples subsequently underwent a min-
imum of three washes with distilled water, followed by
freeze-drying. The resulting samples of dried BmO1 cell
walls were stored in desiccators until utilized.

Morphology of modified Bm01 cell

The physical structure and morphology of the different
BmO1 cell wall samples obtained from the above step

were observed under a GeminiSEM 300 scanning elec-
tron microscope (Carl Zeiss, Germany).

OTA adsorption by modified Bm01 cell wall

The efficacy of the heat-inactivated (B- Heat inac-
tivated), formaldehyde (B- formaldehyde), acetone
(B- acetone), alkaline (B- alkaline), and methanol (B-
methanol) treated BmO1 cell wall in the removal of OTA
was assessed as follows. Initially, 0.10 g of the modified
cell wall sample was subjected to 5 mL of 0.1 M PBS (pH
7.8) containing 50 ng/mL OTA, respectively. The simple
addition of heat-inactivated BmO1 cell walls was used as a
control. Three replicates for each group were performed.
All samples were incubated in a shaker incubator at 37°C
for 12 h at 120 rpm. The samples were filtered through
a 0.22 um membrane (WondaDisc NY Organic Filter,
Shimazu -GL Scientific, Shanghai, China). OTA content
in the above sample was analyzed using an HPLC column
ZORBAX SB-C18 (4.6 x 50 mm, 5um) connected to the
ShimadzuLC-10A system. The mobile phase (acetoni-
trile: 1% acetic acid, 6:4 [v/v]) with a 1 mL/min flow rate
was used. OTA was detected using a fluorescence detec-
tor (le, = 333 nm; le, = 460 nm) after injecting 20 L of
the sample (Zheng et al., 2023).

X-ray diffractometer (XRD) analysis

XRD analysis evaluated the OTA binding effect of the
modified (heat inactivation, formaldehyde, and ace-
tone treated) BmO1 cell wall exhibiting the highest OTA
adsorption level. Initially, 0.10 g of the cell wall sample
was subjected to 5 mL of 0.1 M PBS (pH 7.8) containing
50 ng/mL OTA in a test tube. All samples were incubated
in a shaker incubator at 37°C for 12 h at 120 rpm. The cell
wall was collected by centrifuge at 10,000 rpm and 20°C
for 5 min and used for XRD analysis on a DSADVANCE
(Bruker-AXS, Germany) x-ray diffractometer utilizing
CuKA (radiation voltage 40 kV, current 30 mA). The cell
wall sample without adding OTA was used as the control

group.

Removal of Bm01 cell wall components on OTA
adsorption

Various constituents of BmO1 cell walls were removed
using the trichloroacetic acid (TCA) method (Kho &
Meredith, 2018). BmO1 cells were first lysed by boiling
them in a 4% sodium dodecyl sulfate (SDS) solution for
30 min, which dissolved the intracellular components.
The solution was then cooled at 4°C for 5 min, after
which the solution was subjected to centrifugation at
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6000 rpm at room temperature for 10 min. The resulting
precipitate of cell walls was collected and washed with
deionized water until all traces of SDS were removed. The
harvested cell walls were then subjected to 240 W sonica-
tion for 30 min using 4 sec of sonication and 2 sec of rest,
allowing 300 repetitions. The resulting solution was again
centrifuged, and three washes were done with deionized
water. Phosphorylated acid was removed by suspending
trypsin-treated precipitate in a 10% TCA solution and
placing it in a water bath at 70 °C for 3 h, then cooling
it to room temperature. Cell wall precipitates were col-
lected using several cycles of centrifugation and washes
with deionized water.

Degreasing: The pH of the 0.05 M sodium acetate solu-
tion was adjusted to 4.6 using 0.05 M acetic acid. The
solution was combined with chloroform and methanol
at 4:5:10 (v:vwv). Cell walls were subjected to degreasing
by stirring cell wall precipitates with the sodium acetate
solution (w/v = 1:20) for 24 h at room temperature. The
solution was then centrifuged at 8000 rpm for 10 min,
and the resulting precipitate was washed with methanol,
followed by deionized water. The solution was centrifu-
gated, and the final cell wall precipitate was collected.

Deproteinization: The obtained precipitate was added
to 0.1 M PBS buffer solution (pH 7.8) containing 3 mg/
mL trypsin at a ratio of 1:10 (w/v). The mixture was then
incubated at 37 °C in a water bath for 12 h, followed by 5
— 6 deionized water washes and centrifugation to obtain
a precipitate. The resulting precipitate was then boiled in
1% SDS for 10 min and then centrifuged and washed sev-
eral times with deionized water to remove any traces of
SDS. The final precipitate was then lyophilized and freez-
ing stored until further use.

The efficacy of the above samples in the removal of OTA
was assessed. Initially, 0.10 g of the cell wall sample was
subjected to 5 mL of 0.1 M PBS (pH 7.8) containing 50
ng/mL OTA in a test tube. A test tube without adding
BmO1 cell walls was used as a control. All samples were
incubated in a shaker incubator at 37 °C for 12 h at 120
rpm. The samples were then centrifuged, and the OTA
content in the remaining supernatant was measured by
HPLC using the method described by Zheng et al. (2023).

Extraction of BmO01 surface protein and assessing its ability to
bind OTA

BmO1 cells were cultured at 37 °C for 18 h using a 4% cul-
ture as starter inoculum each time. Cells after the third
round of culture were retained for further processing.
BMOL1 cells were harvested by centrifugation at 5000
rpm for 15 min at 4 °C, after which the supernatant was
discarded, and the cells were rinsed three times with
deionized water to remove any traces of the medium.

Subsequently, a 5.0 M LiCl solution was added to the
precipitated cells at a ratio of 1:10 (volume weight), and
the mixture was shaken at 180 rpm for 60 min at 37°C
and then centrifuged. The resulting supernatant was con-
centrated by dialysis through polyethylene glycol (PEG)
applied to the dialysis bag containing the protein solu-
tion (Dialysis bag 27 mm, entrapped MW 3.5 kd, change
the H,O three times during 24 h under 4°C) and then
freeze-drying. Proteins were then dissolved in 1 mL of 0.1
M PBS (pH 7.8). The protein content was then detected
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE
electrophoresis) and Protein Assay Kit (PA115, Tiangen,
Beijing, China). Subsequently, 1 mg of proteins were
mixed with varying concentrations of OTA (0.2-1 mg/
mL), followed by fluorescence polarization analysis using
a fluorescence spectrophotometer with excitation wave-
length (Ex) 333 nm and emission wavelength (Em) 460
nm. The level of polarization in the samples was calcu-
lated using the following formula: P = (I, - GI,)/(I,,
+Gl), G = I, /L. The polarization measurements are
accomplished by taking vertical and horizontal fluores-
cence intensity readings with the excitation polarizer
at both vertical (v) and horizontal (H) positions. These
measurements yield four intensity readings, I, I, Ly
and I, where the order of letters v and h represents the
positions of the excitation and emission polarizers. The
I,,, and I, readings are used to correct for optical arti-
facts introduced by the instrument.

Growth dynamics and OTA removing the effect of Bm01
in grape juice

One hundred pL of 9 x 108 CFU/mL washed BmO1 cells
were added to 5 mL of commercial grape juice (CGJ), and
0.5 mL of samples of CGJ were subsequently collected at
12 h intervals (0, 12, 24, 36, 48, 60, 72 h). The collected
samples were subjected to six rounds of dilution plat-
ing, after which 100 pL of the sample was plated on solid
MRS media. The colonies were then counted after incu-
bation at 37 °C for 24 h. Three replicates were used for
each sample. A control group obtained from BmO1 cells
cultured in 5 mL of grape juice without the addition of
OTA was also included. Subsequently, 200 L of the sam-
ple was collected at regular 12-hour intervals, and absor-
bance at OD, nm was recorded for each sample using
a spectrophotometer. OTA content in the grape juice
at 0, 24, 48, and 72 h was measured by HPLC using the
method described by Zheng et al. (2023).

Effect of Bm01 on pH, light transmission, and
chromaticity of grape juice

The treatment group comprised 5 mL of CGJ and OTA
to obtain a final 50 ng/mL concentration and 100 pL of
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BmO1 cells (9 x 108 CFU/mL). Control groups comprised
5 mL of CGJ alone and 5 mL of CGJ amended with OTA
(final concentration of 50 ng/mL). All samples were incu-
bated at 37°C for 72 h. The pH of grape juice samples
was determined using a PHS-2F pH meter (Yidian Co.,
Shanghai, China). Sugar content, comprising glucose and
fructose, was determined by HPLC/RID utilizing a sugar
column (250 mm x 4.6 mm, 4 um) at 30°C. The mobile
phase consisted of acetonitrile and water in a 75:25 (V/V)
ratio, with a flow rate of 0.80 mL/min. Light transmission
at 680 nm was determined in grape juice samples using
a TU-1810 UV spectrophotometer (General Analytical
Instrument, Beijing, China). A sample of commercial
grape juice was utilized as a blank, and light transmission
of sample supernatant was assessed after being mixed
with saline at a volume ratio of 1:9. Light transmittance
of the grape juice samples was calculated by converting
the data using the formula A=Igl/T. The chromatic-
ity of samples was assessed using a CR-400 colorime-
ter (Lighting: pulsed xenon lamp, standard observer:
approximately 2° viewing angle, following the CIE1931
standard for inspectors, and aperture: ®8 mm/®11 mm,
Measurement time:1 second, Measurement interval: 3
seconds) (Ke Sheng Instrument Co., Ltd., Hangzhou,
China), which provided values for L* (0 = black, 100 =
white), a* (positive = red, negative = green) and »* (posi-
tive = yellow, negative = blue).

Effect of Bm01 on organic acid content of grape juice

An HPLC protocol was established to detect organic
acids, specifically tartaric, malic, citric, lactic, and ace-
tic acids. The HPLC protocol utilized analysis column
Shodex KC-811 (8.0 mm x 300 mm, 6 pm). The mobile
phase consists of 3 mmol/L perchloric acid. The flow rate
was set to 1 mL/min, and an injection volume of 10 puL
was used. UV detection at 210 nm was assessed with the
column temperature maintained at 50°C. Sample detec-
tion was carried out for 25 min. The retention time of
standard organic acids was 5.5 min, 6.7 min, 8.5 min,
7.8 min, and 11.9 min for tartaric acid, malic acid, acetic
acid, fumaric acid, and citric acid, respectively. A stan-
dard curve based on the correlation between organic acid
content and peak area was built to quantify organic acid
in the sample.

Effect of Bm01 on the sugar content of grape juice

An HPLC-differential refractometry protocol was estab-
lished for the detection of sugar content. The HPLC
protocol utilized analysis column Shodex KS-801 (8.0
mmx300 mm, 6 um). The mobile phase consists of
ultra-pure water. The flow rate was set to 0.7 mL/min,
and an injection volume of 10 uL was used. The column

temperature was maintained at 80 °C. Sample detection
was carried out for 20 min. Standard glucose and fruc-
tose retention times were 14.2 min and 12 min, respec-
tively. A standard curve based on the correlation between
standard sugar content and sugar peak area was estab-
lished to quantify sugar in the sample.

Statistical analysis

The experiments conducted in this study utilized three
biological replicates, and the experiments were repeated
twice. Data obtained in this study is presented as the
mean * standard deviation. A one- or two-way ANOVA
was conducted to determine treatment effects using
SPSS version 18.0.2. Significant differences between sam-
ple groups at P<0.05 were determined using the ¢-test or
Duncan’s Multiple Range Test (DMRT).

Results
OTA removal by chemically modifying Bm01 cell walls

Heat-inactivated BmO1 cells were treated with formal-
dehyde, acetone, sodium hydroxide, or methanol. It was
found that heat-inactivated, sodium hydroxide or ace-
tone-treated samples did not exhibit cell damage (Figure
1A, C, D). In contrast, cells treated with formaldehyde
and methanol showed obvious damage and perfora-
tion (red arrows in Figure 1B and 1E). The methanol or
formaldehyde treatments showed significant (p<0.05)
increases in OTA adsorption when compared to heat-in-
activated BmO1 cells, resulting in 98.35% and 95.13%
reductions in OTA levels, respectively (Figure 1F). The
alkaline treatment only reduced OTA content by 30.48%,
which was significantly lower (p<0.05) compared to oth-
ers (Figure 1F). X-ray analysis of the different cell wall
preparations can determine if OTA crystals are pres-
ent on the cell wall. Therefore, heat-inactivated, meth-
anol-, and formaldehyde-treated BmO1 cell walls were
analyzed using an X-ray diffractometer before and after
OTA adsorption. Notably, the presence of new peaks at
20 = 26.5°, 31.5°, 45.5°, 56.5°, and 75.5° (Figure 1H) was
observed after OTA adsorption (Figure 1H) in compar-
ison to x-ray spectra obtained prior to OTA adsorption
(Figure 1G). The newly identified peaks were interpreted
to represent characteristic OTA peaks, suggesting that
the surface of heat-inactivated, methanol, and formalde-
hyde-treated BmO1 cells had adsorbed OTA. Based on
these data, it can be inferred that the diffraction patterns
of cells obtained after OTA adsorption exhibit the emer-
gence of numerous novel OTA crystal peaks, providing
evidence for changes in the interaction between OTA
and modified BmO1 cells.
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Figure 1. Morphology and OTA removal of chemically modified Bm01 cells. (A) Heat-inactivated. (B) Formaldehyde.

(C) Acetone. (D) Sodium hydroxide. (E) Methanol. (F) Percentage decrease of OTA. Data represent the mean + SD (n = 3). Low-
ercase letters above the bars indicate a significant difference (P<0.05). (G) x-ray energy spectra of treated cell walls before OTA
adsorption. (H) X-ray energy spectra of treated cell walls after OTA adsorption.

Identifying Bm01 cell wall components for OTA
adsorption

The bacterial cell wall primarily comprises teichoic acids,
lipids, and proteins. Some have been investigated for
their ability to bind to and remove OTA. The ability of
BmO1 cell wall components to bind OTA was analyzed
using a sequential removal method. Results indicated that
BmO1 cell walls were gradually degraded after removing
teichoic acids (Figure 2B), lipids (Figure 2C), and pro-
teins (Figure 2D), compared to heat-inactivated cell walls
(Figure 2A). Protein removal in the cell wall resulted in
complete loss of cellular morphology (Figure 2D). Cells
without teichoic acid remove 95.13% of OTA, whereas
further lipid removal removes 97.78%. Conversely, 5.23%
of OTA was removed by cells without teichoic acids, lip-
ids, and proteins (Figure 2E). Therefore, BmO1 cell wall
proteins were extracted (Figure 2F) and subjected to flu-
orescence polarization analysis with OTA. The S-shape

illustrates the competitive binding patterns between pro-
teins and OTA (Figure 2F). According to these results, the
BmO1 cell wall protein is responsible for OTA absorption.

Change of organic acid and sugar content during OTA
removing

The effect of the adsorption of OTA in grape juice by
BmO1 was analyzed. OTA content was reduced from 50
ng/mL at 0 h to 8.78 ng/mL at 72 h after incubation with
BmO1 (Figure 3A). The growth dynamics of BmO01 were
monitored by measuring optical density (OD) values and
dilution plating. Results indicated that the OD_ read-
ings in grape juice consistently ranged from 0.8 to 0.95
over 72 h, while cell counts ranged between 9 x 10% and 1
x 10° CFU/mL (Figure 3B). The effect of BmO01 on organic
acid and sugar contents was also analyzed. The concen-
tration of tartaric, malic, citric, lactic, and acetic acids
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Figure 2. Cell morphology and OTA remove the effect of Bm01 cells lacking teichoic acids, lipids, and proteins. (A) Heat inac-
tivated. (B) Removal of teichoic acid. (C) Removal of teichoic acid and lipids. (D) Removal of teichoic acid, lipids, and proteins.
(E) OTA removing the effect of different Bm01 cells. (F) SDS-PAGE of proteins extracted from the Bm01 cell walls (Lane 1: size
markers; Line 2-5: cell wall proteins). (G) Binding curve of Bm01 cell wall proteins with OTA. Data are the mean + SD (n = 3).
Lowercase letters above the bars indicate a significant difference (P<0.05).

was measured over a 72 h period in commercial grape
juice (CGJ), CGJ + OTA (CGJ-OTA), and CGJ + OTA +
living BmO1 cells (CGJ — OTA-BmO01). All acidic contents
remained stable for 72 h in the CGJ and CGJ-OTA sam-
ple groups. The levels ranged from 0.1522 to 0.1663 mg/
mL for tartaric acid (Figure 3C), 1.2106 to 1.2697 mg/mL
for malic acid (Figure 3D), 2.4366 to 2.6275 mg/mL for
citric acid (Figure 3E), 0.0036 to 0.0063 mg/mL for lactic
acid (Figure 3F), and 0.1484 to 0.1668 mg/mL for acetic
acid (Figure 3G). In contrast, lactic acid and acetic acid
increased concentration in the CGJ-OTA + BmO1 sample
group during the same time frame. Lactic acid increased

from 0.005 to 1.69 mg/mL, while acetic acid content
increased from 0.14 to 145 mg/mL (Figure 3F, G).
Following treatment with BmO01, Malic acid in the CGJ-
OTA-BmO1 sample group increased from an initial 1.24
mg/mL to 0.81 mg/mL (Figure 3D). Sugar is a major
constituent of grape juice and is a determining factor in
taste (along with organic acids) and quality. Glucose and
fructose are the primary sugars present in grapes, while
sucrose and other sugars are seldom detected. Therefore,
the present study focused on the impact of BmO1 on the
glucose and fructose levels in grape juice. The concentra-
tion of these sugars remained relatively stable over 72 h
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Figure 3. The organic acid and sugar content of grape juice were removed during OTA. (A) OTA content in grape juice with
(Bm01) or without Bm01 (CK). (B) Growth dynamic of Bm01. (C) Tartaric acid. (D) Malic acid. (E) Citric acid. (F) Lactic acid.
(G) Acetic acid. (H) Glucose. (1) Fructose. CGJ is commercial grape juice; CGJ-OTA is commercial grape juice + OTA; CGJ-OTA +
Bm01 is commercial grape juice + OTA + Bm01. Data are the mean + SD (n = 3). * Represents a significant difference compared

with 0 h (P<0.05).

in the CGJ and CGJ-OTA sample groups (Figure 3H, I).
The levels ranged from 8.3029 to 8.8021 mg/mL for glu-
cose and 11.9667~12.0387 mg/mL for fructose over 72
h. In contrast, a gradual decrease in both glucose and
fructose content was observed in the CGJ-OTA + BmO1
sample group over 72 h. Glucose content decreased from
8.80 to 6.91 mg/mL (Figure 3H), and fructose decreased
from 12.73 to 7.47 mg/mL (Figure 3I).

pH and color changes of grape juice during OTA
removing

The impact of living BmO1 cells on the pH and color
changes of grape juice during OTA removal are pre-
sented in Figure 4. pH value exhibited a slight rise from
2.73/2.78 to 2.92 in the groups of CGJ and CGJ-OTA.

pH value was decreased from 2.79 to 2.63 and then sta-
bilized at pH 2.64 in the group adding BmO1 (Figure 4A).
These results indicated that the presence of living Bm01
cells caused a minor increase in acidity. The impact of
BmO1 on light transmission was also detected because
the growth of BmOl1 may affect the turbidity of the
grape juice. Light transmission in the CGJ and CGJ-
OTA groups exhibited minimal variation throughout
measurement (Figure 4B). A significant decline was
observed in light transmission in the CGJ-OTA + Bm01
sample, which decreased to 73.91%. Moreover, the
effect of BmO1 cells on the color of commercial grape
juice was investigated. Results are presented in Figure
4C, D, and E, where L* values represent brightness,
a* values indicate red and green values, and b* values
reflect yellow and blue values. Results indicated that
L* values in the CGJ sample group exhibited a slight
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Figure 4. Changes in pH and color of grape juice during OTA removal by living Bm01 cells. (A) Effect of Bm01 on the pH.
(B) Effect of Bm01 on the light transmittance. C-E, Effect of Bm01 on the brightness values L* (C), red-green values a* (D),
and yellow-blue values b* (E). CGJ is commercial grape juice; CGJ-OTA is commercial grape juice + OTA; CGJ-OTA + Bm01
is commercial grape juice + OTA + L. rhamnosus Bm01). Data are the mean + SD (n = 3). * Represents a significant difference

compared with 0 h (P<0.05).

decrease from 0 to 24 h, followed by an increase from 24
to 72 h. In comparison, L* values in the CGJ-OTA sam-
ple group exhibited a decrease from 4.49 to 2.85 over
72 h (Figure 4C). Conversely, L* values in the CGJ-OTA
+ BmO1 sample group fluctuated, ranging from 3.33 to
4.33 over 72 h. The CGJ and CGJ-OTA sample groups
exhibited a gradual decline in a* (red-green values) over
72 h, decreasing from 5.97/6.13 to 4.5/4.21, respec-
tively. In contrast, the CGJ-OTA+BmO01 sample group

maintained consistent a* values over 72 h. These results
suggest that the presence of BmO01 in grape juice helped
to stabilize red and green values (Figure 4D). Lastly, b*
values in all three sample groups are presented in Figure
4E. All three sample groups exhibited a gradual decline
in b* values over 72 h. Notably, the b* value in the CGJ-
OTA + BmO1 sample group (1.78) at 72 h was higher
than in the CGJ and CGJ-OTA sample groups (1.08 and
0.93, respectively).
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Discussion

Ochratoxin A and its adsorption mechanism by Bm01
cell wall

OTA (a carcinogen) contamination of food products is
a global problem, particularly in grapes and products
derived from grapes (Huff et al., 1992; Mayura et al,
1984). Therefore, much research has been performed
on preventing and eliminating OTA contamination in
grape products. For OTA detoxification, biological meth-
ods offer a safer, more efficient, and more environmen-
tally sustainable than physical and chemical approaches,
which may compromise food quality. The utilization of
LAB for OTA removal in food products is still preliminary
in China, necessitating further comprehensive studies. It
is necessary to identify LAB strains that can remove OTA
from food products and comprehensively understand the
OTA-removing mechanisms. According to our previous
study (Zheng et al., 2023), the LAB strain (L. rhamnosus
BmO1) can efficiently remove OTA from grape juice by
adsorbing it onto its cell walls. However, for BmO1 to be
commercially viable, it is crucial to understand how this
process works and impacts grape juice quality.

Based on this study's findings, treating BmO1 cells with
formaldehyde or methanol resulted in cell wall perfora-
tion. Treated formaldehyde or methanol shows higher
OTA absorption capacity than heat-inactivated, possibly
due to perforation resulting in greater exposure of the
active sites responsible for adsorbing this toxin (Haskard
et al., 2001). Wang et al. (2015) also reported that chem-
ical treatments resulting in the modification of cell wall
structure can significantly enhance the surface area of
the cell wall, leading to greater OTA adsorption capacity.
Furthermore, the primary reaction that occurs in cell walls
treated with formaldehyde or methanol is the conversion

of RCH,NH, —HCHOHCOOMR , oy N(CH,)+CO, and

RCOOH + CH,0H —**—» RCOOCH, + H,0, respec-
tively (Debdatta, 2022). As a result of these reactions, the
amino and the carboxyl groups of the proteins are trans-
formed into CH,N (CH,) and RCOOCH,, respectively.
Such an adsorption mechanism may involve hydrophobic
and electrostatic interactions, as demonstrated for LAB's
cell wall by Piotrowska et al. (2014). The OTA adsorp-
tion capacity of alkaline treatment BmO1 was lower than
heat-inactivated, possibly because alkaline hydrolyzes the
amide bond, resulting in the loss of OTA adsorption sites
in the proteins. The results agree with previous research
conducted by Haskard et al. (2000), who demonstrated
the significant involvement of protein components of
LAB cell walls in the adsorption of mycotoxin. Similar
results in the adsorption of toxins by yeast were reported
by Guo et al. (2012). Further research is required to

elucidate the precise structural and compositional attri-
butes of the cell wall responsible for OTA adsorption and
their operational basis.

Peptidoglycan and polysaccharides in cell walls play a
vital role in the binding of mycotoxins (Niderkorn et al.,
2009). However, OTA adsorption capacity was increased
after the removal of teichoic acid and teichoic acid-lip-
ids from BmO1 cell walls (>97%) but was decreased after
the removal of proteins (5.33%). This phenomenon can
be attributed to alterations in cell wall structure that
increase the exposure of binding sites on cell wall pro-
teins. Fluorescence polarization analysis showed that
the OTA was competitively bound to BmO1 surface pro-
tein because the S-type polarization curve reached sat-
uration at an OTA concentration of 0.7 g/mL. Based on
the above, BmO1 cell wall-bound OTA is mainly carried
out via cell wall proteins; however, the kind of proteins
is unknown and needs further investigation. The conclu-
sion that electrostatic interactions may also be associated
with OTA adsorption capacity must be thoroughly ver-
ified to make it convincing. These results demonstrated
that cell wall proteins were involved in OTA adsorption
by BmO1.

Grape juice quality assessment

A previous study by Zheng et al. (2023) found that add-
ing 50 ng/mL OTA to grape juice was reduced by 84.43%
within 72 h by BmO1. Additionally, the presence of 20 ng/
mL OTA in grape juice was completely removed by Bm01
within 48 h. This indicates that BmO1 exhibits a signifi-
cant OTA removal capacity in grape juice and thus has
commercial potential. However, the utilization of active
BmO1 for OTA removal in various food products can be
challenging due to the potential impact of the fermenta-
tion capacity of living LAB on the sensory characteristics
of foods, as highlighted by Sheng et al. (2022). Hence, the
impact of Bm01 on the composition and quality attri-
butes of grape juice was evaluated.

As indicated by the Food and Agriculture Organization
(FAO) and World Health Organization (WHO), the
ingestion of appropriate quantities of probiotics has
numerous health advantages, including enhanced pop-
ulations of beneficial gut microbiota and greater intes-
tinal functionality (Malviya et al, 2021). Numerous
studies have investigated the feasibility of probiotics in
fruit juices as non-dairy probiotic alternatives (Rivera-
Espinoza & Gallardo-Navarro, 2010). In this regard,
Sheehan et al. (2007) assessed the growth of LAB in
orange, pineapple, and cranberry juices. They found that
L. rhamnosus GG, L. casei DN-114001, and L. paraca-
sei NBFC43338 exhibited robust growth in these juices,
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with orange juice reaching a viable cell count of 107 CFU/
mL and pineapple juice reaching 10° CFU/mL after 12
weeks of refrigeration. Champagne and Gardner (2008)
reported that L. rhamnosus displayed superior growth
to L. acidophilus when grown in a mixture of juices from
various fruits. In the present, BmO1 exhibited favorable
growth in grape juice, and quality parameters after 72 h
of OTA removal by Bm01 were assessed, including the
effect of living BmO1 cells on the content of organic acids,
sugars content, pH, light transmission, and color. Among
the various organic acids in grapes, tartaric, malic, and
citric acids are typically the most prevalent. Lactic and
acetic acids are organic acids commonly present in juice,
typically due to microbial metabolism (Robles et al.,
2019). Results of our study indicated that lactic acid
increased from 0.005 to 1.69 mg/mL over 72 h, while the
level of acetic acid increased from 0.14 to 1.45 mg/mL.
These findings can be attributed to the metabolic activ-
ity of L. rhamnosus BmO1. Notably, humans can only
synthesize L-lactate dehydrogenase, so only L-lactate
can be metabolized. As a result, WHO does not recom-
mend the inclusion of D-type and DL-type lactic acid in
the diet of infants under three months of age. Notably,
L. rhamnosus LGG exclusively generates L-lactic acid
during the fermentation process without producing any
other acids that may compromise the safety and pal-
atability of a food product. Consequently, consuming
fermented foods containing L. rhamnosus LGG should
not adversely affect individuals, particularly infants and
children. The decrease in malic acid content may be
caused by BmO1 using it as a substrate to produce lactic
acid or synthesizing other substances as an intermedi-
ate product of the TCA cycle. Only a minimal alteration
was observed in the concentration of tartaric and citric
acid over 72 h in the CGJ-OTA-BmO1 sample group. Lai
et al. (2022) reported that the fermentation of L. rham-
nosus only changed the pH value of the apple juice with
0.02 pH units. In the present study, the pH of the juice
also did not significantly change with the change in acid
content, which only decreased by approximately 0.15 pH
units. A decrease in glucose (8.80 mg/mL - 6.91 mg/mL)
and fructose (12.73 mg/mL-7.47 mg/mL) content was
observed due to the presence and growth of BmO1. The
results were similar to those reported by Lai et al. (2022),
that L. rhamnosus reduced the total sugar content in
apple juice from 6.07 to 5.62 mg/mL. Pineli et al. (2016)
assessed the impact of reduced sugar content on the sen-
sory properties of orange juice and identified the optimal
sweetness level of orange juice. Their findings indicated
that a 15-45% reduction in sugar had a minimal impact
on orange juice's acceptability and sensory properties.

We also examined the light transmission of grape juice
containing BmO1 cells and found that it decreased
throughout 72 h, while no negative impact was observed
on color. Malganji et al. (2016) conducted a study in

which three LABs (L. deuterium, L. plantarum, and L.
rhamnosus) were individually inoculated into grape juice
and under non-fermentation conditions and which was
then placed under refrigeration. They subsequently con-
ducted an assessment of microbial activity and a sensory
evaluation. Results of the sensory evaluation indicated
that grape juice inoculated with L. rhammnosus exhib-
ited a higher level of acceptability after a storage period
of 4 weeks than grape juice inoculated with the other
two LABs. The above finding suggests that using Bm01
to detoxify OTA in grape juice can effectively reduce its
toxin concentration with a limited effect on grape juice
quality. Evaluating grape juice quality based on only a few
key indicators may be one-sided, and it is necessary to
make a comprehensive assessment of physicochemical
properties and organoleptic qualities.

Conclusions

The precise mechanism underlying OTA adsorption by
BmO1 and BmO1 impacts grape juice quality is unclear. In
this study, the OTA adsorption capacity of the BmO1 cell
wall was improved by chemical modification, which can
be used to enhance the OTA adsorption effect of LAB.
After removing cell wall proteins, the OTA adsorption
capacity of BmO01 decreased significantly, indicating that
protein is the main component of OTA adsorption. The
adsorption of proteins to OTA was further confirmed by
fluorescence polarization analysis. Analysis of the effect
of BmO1 on the critical quality indexes of grape juice
after OTA removal indicated that BmO1 significantly
decreased malic and fructose content but increased the
lactic acid and acetic acid content. However, the pH value
of grape juice has changed little. However, the effect of
adding BmO1 on the taste and quality of grape juice must
be evaluated more fully through blind tasting, electronic
tongue analysis, or further determination of volatile
aroma components, soluble solids content, and other
indicators. BmO1 has practical and commercial potential
in reducing OTA pollution in beverages.
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