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The purpose of this study was to evaluate the ability of Lactobacillus rhamnosus to bind patulin (PAT) in the buffer
solution and apple juice. The binding of L. rhamnosus to PAT was reversible, which improved the stability of the
bacterial complex. The ability to bind PAT can be enhanced with the inactivation of the strain by high temperature
and acid treatment. Acid-treated bacteria had the highest PAT binding rate of 72.73+1.05%. The binding rates of acid
and high temperature (121 °C) treatments were increased by 21.37% and 19.15%, respectively. L. rhamnosus
showed the best detoxification ability to PAT at 37 °C, where the binding rate reached 50.9+1.03%. When the dose
of inactivated bacteria powder was 0.02 g ml™!, the minimum concentration of PAT in apple juice was 0.37 pg ml.
The addition of the L. rhamnosus inactivated powder did not affect the quality of the juice product and effectively
bound the PAT in apple juice.
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Patulin (PAT) is a secondary metabolite produced by fungal species belonging to Penicillium,
Eupenicillium, and Paecilomyces genera. As one of the most studied mycotoxins, PAT has
carcinogenic, teratogenic, and mutagenic effects in humans and animals (DruUScH et al.,
2007). A maximum tolerable daily intake for PAT of 0.4 mg per kg (body weight) has been
established by FAO (ZogHI et al., 2017). PAT is heavily contaminating fruits and their
processed products, especially apple products (BoNERBA et al., 2010). EC (2003) has set a
maximum acceptable PAT concentration of 50 ug I"! in apple juices. Therefore, the control of
PAT in food is of vital importance for food safety.

The common techniques for the binding of toxins in food are divided into physical,
chemical, and biological methods (CATaLDO, 2008). Toxins can be partially bound by physical
methods, but those have undesirable effects on the nutrient composition and flavor of food.
At binding, the structure of the toxin is changed. The use of lactic acid bacteria (LAB) for
adsorption is in the focus of studies nowadays. LAB can effectively bind aflatoxin M1 in milk
(ELsaNHOTY et al., 2014) by adsorbing toxins on cell wall polysaccharides, peptides, and
surface proteins by intermolecular interactions (SERRANO-NINO et al., 2013). At present,
there are few reports about the effect of L. rhamnosus on the binding of PAT. Our aim was to
study the ability of L. rhamnosus to bind PAT. In this work, the cell surface morphology and
stability of LAB/PAT complex were observed after high temperature, acid and alkali
treatments of L. rhamnosus. The detoxification ability of different cell components was also
compared. The ability of L. rhamnosus to bind PAT from apple juice and its effect on the
quality of apple juice were evaluated.
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1. Materials and methods

1.1. Preparation of bacterial strains and treatments

L. rhamnosus 08066 used in the experiment was provided by the Key Laboratory of Dairy
Science, Northeast Agricultural University. The ability of the strain to bind PAT in
contaminated PBS was tested and simultaneously a growth curve was determined by
measuring the absorbance at 600 nm. Bacterial pellets were collected by centrifugation
(8000xg, 4 °C, 10 min) and washed three times with 4 ml PBS (pH 6.0) before further
processing. The above bacteria were subjected to high temperature treatment (boiling in 4 ml
of PBS for | h, sterilization in 4 ml of PBS for 1 h at 121 °C), acid treatment (sterilization in
4 ml of 2 M HCI for 1 h), and alkali treatment (sterilization in 4 ml of 2 M NaOH, 1 h).

1.2. Preparation of cellular components

Cell disruption was carried out in an ice bath using ultrasonication. The precipitate was
collected by centrifugation (8000xg, 4 °C, 10 min). Protoplasts, superficial proteins, and
peptidoglycans were determined according to the reported methods (HASKARD et al., 2000).
The samples were lyophilized and stored at —20 °C until use (BRACKETT et al., 1979).

1.3. PAT binding assay

The PAT standard solution was prepared in different concentrations (VAN EMMERIK et al.,
2010). The bacteria and cell components were suspended in 2 ml PBS containing PAT and
incubated for 8 h at 37 °C. After centrifugation (3000xg, 15 min), the supernatant was taken
to determine PAT content. The detection was carried out by high performance liquid
chromatography (HPLC Waters 6000%).

1.4. Morphological observation of bacterial surface

The treated cell pellet was fixed in 2.5% glutaraldehyde and 1% citric acid. The cells were
dehydrated, embedded, sliced, and finally stained with uranyl acetate and lead citrate to
obtain bacterial sections. The changes of cell in different treatment methods were observed
by transmission electron microscopy (TEM) (ZHANG et al., 2018).

1.5. Factors affecting the ability of binding

The cells were suspended in 2 ml of PBS with different pH values. After adding 100, 250,
500, 1000, and 1500 ng ml"' PAT, the concentrations of the adjusted solution were 2.5x10°,
5x10%, 7.5x10% 1x10', and 1.25%10' CFU ml". The suspensions were mixed at 4, 15, 25,
37, 42 °C, respectively, and cultured in a shaker at 200 r.p.m. for 7 h, PAT content was
determined every 1 h (HASKARD et al., 2001).

1.6. Combination of apple juice and PAT

The experimental strain was killed by high temperature. The precipitate was collected by
centrifugation and lyophilized for use. Different doses of the above powders were resuspended
in 100 ml of apple juice containing 1 pg ml™' PAT at 37 °C. The cells were cultured for 4 h in
a shaker, and the supernatant was collected by centrifugation for further analysis (RICELLI et
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al., 2007). The colour value and light transmittance of juice were measured using a
spectrophotometer at 440 nm and 625 nm, respectively. The pH value was measured by a
micro-pH meter. Soluble solids were determined using a hand-held refractometer.
Measurement of total sugar and total acid were carried out according to the SB/T 10203-1994
standard.

1.7. Data analysis

Data processing was performed using SPSS 22.0. The results were expressed as mean +
standard deviation (X£SD). Comparisons between groups were done with conventional one-
way analysis of variance (ANOVA), which were judged to be different at P<0.05.

2. Results and discussion

2.1. Effect of treatment on PAT binding

Results of PAT binding rate by the differently treated bacteria are shown in Figure 1. HCI-
treated bacteria had the highest PAT binding rate (72.73+1.05%), followed by heat-treated
(121 °C,70.51%0.25%) ones. There were significant differences in the acid treatment and heat
treatment compared with the control (P<0.05). After alkali treatment, the detoxification
ability of the cells slightly improved. Four bacterial treatments had improved the adsorption
effect to varying degrees. HASKARD and co-workers (2000) added anti-hydrophobic agents to
heat-treated and acid-treated strains; the binding effect was greatly reduced, demonstrating
that the binding was closely related to the hydrophobic interaction. Generally, heat treatment
and acid treatment resulted in denaturation of the cell wall protein of the strain, which led to
the surface of the cell wall exposing more hydrophobic regions, thus enhancing the ability of
the bacteria to bind toxins (MaHAM et al., 2013).
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Fig. 1. Effects of different treatments of L. rhamnosus on patulin binding rate
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The changes of bacteria after treatment with acid, alkali, and heat are presented in Figure
2. Compared with normal bacterial cells, the surface of the treated cells had different degrees
of change. Figure 2A shows the surface of the normal cells having a uniform tooth shape, a
clear outline, and a smooth cell wall with uniform thickness. Figure 2B shows the acid-
treated cells. The granules on the surface of the acid-treated bacteria were fuzzy, and the cell
walls became fluffy. In some places, the cell walls even disappeared and formed flocs on the
surface; Figure 2C shows the alkali-treated cells. The surface of the treated bacteria was
severely carbonized, and almost all of the cells were lysed and fragmented, and nearly all of
the content flowed out; Figures 2D and 2E show heat-treated cells. The dentate structure on
the surface of the cells disappeared, the edge of the cell wall was not clear, the cell membrane
of the individual cells injured, and the cell wall appeared wrinkled.

Fig. 2. Effects of different treatments on cell surface structure of L. rhamnosus
A: Untreated; B: acid-treated; C: alkaline-treated; D: treated at 121 °C; E: treated at 100 °C
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2.2. Stability of the PAT-bacterium complex

The stability of the complex shows the binding mode and strength between toxin and
bacterium to some extent (MaHAM et al., 2013). The percentage of PAT eluted from the
complexes with water is presented in Figure 3. The PAT from the complex was released by
the elution process, and the amount of released patulin gradually decreased with the number
of elutions (ZHANG et al., 2018). The elution process had different effects on the five groups
of complexes, the stability decreased as acid > 121 °C > 100 °C > alkali > live bacteria. The
results indicate that the treatments enhanced the stability of the complex It was speculated
that weak non-covalent bonds formed between toxin and bacterium, and washing destroyed
these intermolecular forces (FucHs et al., 2008). Acid, heat, and other treatments change cell
wall structure, leading to different degrees of cross-linking between adjacent cells, cells and
PAT, hindering the release of toxins (HERNANDEZ-MENDOZA et al, 2010).
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Fig. 3. Effects of elution on the stability of the complex
[ Untreated; B: washed; N:twice; m:three times

L. rhamnosus is a Gram-positive bacterium with a thick cell wall. This test split the
cellular components to study the difference in the ability of single component to adsorb PAT.
As shown in Figure 4, the difference in the binding of PAT by different bacterial components
was significant (P<0.05). Both peptidoglycan and S-layer protein showed the ability to bind
PAT, but the binding effect was not obvious. According to the results, the binding of PAT by
both components was lower than that of the broken cell wall, indicating that the cell adsorption
capacity was not only determined by a single component, but also the spatial structure and
cross-linking formed between the various substances in the cell wall (Guo et al., 2012).

Carbohydrates in the cell wall had been considered to be key factors affecting the
adsorption capacity of bacteria (DOHERTY et al., 2012). Luo and co-workers (2015) believed
that the content of 1,3-B-glucan was closely related to the adsorption capacity of bacteria,
affecting the thickness and structure of the cell wall (VAN EMMERIK etal., 2010). Peptidoglycans
are formed by the polymerization of acetylglucosamine, acetylmuramic acid, and four to five
amino acid short peptides. Gram-positive bacteria have a high degree of cross-linking
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between peptide chains. The numerous peptidoglycan layers form a dense network structure.
The interaction between strains and mycotoxins is influenced by peptide chains and amino
acids in the peptidoglycan (Zou et al., 2012, ELNEzAMI et al., 2004). The results of this
experiment indicate that the cell wall is the main region where adsorption occurs, and the
adsorption is independent of the cell membrane. Compared to intact cells, the adsorption
capacity of broken cell walls improved. Complex cell wall structure was the basis of
adsorption capacity. Loss of cell wall caused a decrease in adsorption rate (HATHOUT et al.,
2011). The extraction of a single cell component destroyed the tight network structure in the
cell wall. And the loss of specific components of the cell wall led to a decrease in the
adsorption capacity of the cell.
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Fig. 4. Effects of different components of L. rhamnosus on patulin binding rate

2.3. Factors affecting the binding process

With the increase of cell concentration, PAT-binding significantly increased (P<0.05) (Fig.
5A). The binding rates and amounts of toxin by L. rhamnosus at different PAT concentrations
are shown in Figure 5B. The binding rate reached its maximum (53.39+1.43%) at PAT
concentration of 1000 pg I'!, which might be explained by limited binding sites. The binding
of PAT by L. rhamnosus at different pH values is shown in Figure 5C. The binding rate
gradually decreased with increasing pH values. The optimal pH was 3.0, where the binding
reached 50.39+2.09%. This was consistent with the results found in the literature that with
higher pH value, the binding rate was lower (HATAB et al., 2012a). The binding of PAT by L.
rhamnosus increased with time during 0—4 h, and the adsorption effect on PAT became stable
after 4 h (Fig. 5SD). Thi is consistent with findings of KHOURY and co-workers (2011), that
detoxification was a rapid process. The effect of different reaction temperatures on the
detoxification effect was significant (P<0.05) (Fig. 5E), L. rhamnosus had the strongest
ability to bind PAT at 37 °C. This result is in contradiction with the findings of KHOURY et al.
(2011), who found that the optimum temperature for the binding of aflatoxin and corn
erythrotoxin by LAB was 25 °C.

For studies with killed bacterium cells 10'° CFU ml ! of L. rhamnosus was sterilized and
incubated with 1000 pug ml! PAT for 4 h at 37 °C, and the binding rate reached 50.9+1.03%.
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Fig. 5. Effects of different conditions on patulin detoxification ability of L. rhamnosus. A: bacterial concentration;
B: PAT concentration; C: pH; D: reaction time; E: temperature

2.4. Binding in apple juice

It can be seen from Figure 6 that the removal of PAT from apple juice was affected by the
quantity of the added inactivated bacterial powder: the higher the dose of the inactivated
bacterial powder, the lower the concentration of PAT remaining in the apple juice.

Sensory quality indicators did not change significantly (Table 1). The colour value of
apple juice increased by 0.5% and light transmittance by 2.67%, compared to control. It was
speculated that the inactivated bacteria powder adsorbed proteins and polyphenols in apple
juice, which increased the light transmittance. This could solve the problems of turbidity and
browning of apple juice during storage and transportation elegantly (BELTRAN et al., 2014).
The treatment had little effect on the pH value, total sugar and total acid values of the juice,
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which is consistent with the results of HataB and co-workers (2012b). There were no
significant differences in sensory properties such as acidity, sugar content, light transmittance
and soluble solid content of the product after 6 weeks of refrigerated storage.

1.2

o
0

e
o

7

<
.

2002000
A 0000

PAT mass concentration, pg 1~

<
(8]

o
w0

0.2 0.4 0.6
Quantity of inactivated bacterial powder, g/30 ml

Fig. 6. Effects of inactivated bacterial powder dosage on patulin detoxification in apple juice
Note: different letters indicate significant difference between groups (P<0.05)
N:PAT concentration after adsorption; [J: PAT concentration before adsorption

Table 1. Effects of inactivated bacterial powder on sensory and physicochemical characters of apple juice

Parameters Control (0 g) 0.6 g/30 ml
Colour value, % 72.0540.05% 72.9540.05%
Light transmittance, % 92.274+0.03? 94.944+0.03?
pH 3.9+0.01° 3.94+0.01°

Soluble solids, °Bx 11.58+0.01% 11.97+0.05%
Total sugar, g/100 g 11.67+0.02% 11.65+0.02%
Total acid, g/100 g 2.12+0.01? 2.13+£0.01*

Note: same letters indicate that there is no significant difference between groups (P>0.05).

3. Conclusions

The results of this experiment show that different treatments can improve the ability of L.
rhamnosus to bind PAT. The PAT-binding of L. rhamnosus was reversible, the stability of the
complex was poor, and was higher for treated cells than living bacteria. The adsorption was
based on cell wall structure. Environmental factors affected the detoxification ability of the
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bacterium. The maximum PAT-binding rate was 53.39%, when the time of mixed cultivation
of strain and PAT was 4 h, the reaction temperature was 37 °C, the pH was 3, and the initial
concentration of PAT was 1000 pg-1"'. The addition of L. rhamnosus inactivated powder did
not affect the quality of the juice product and could effectively bind the PAT in apple juice.
The application of L. rhamnosus in other fruit products requires further research.
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