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Abstract Patulin (PAT), a mycotoxin mainly produced by
various species of fungi, is frequently detected in moldy
fruit- and vegetable-based products, which pose a health
risk to the consumer. Over the past decades, a few studies
reported that PAT content could be significantly decreased
by microbial fermentation process. However, the physical
adsorption mechanism between PAT and yeast during
fermentation is still unclear. In this paper, we focused on
the physical adsorption of PAT by Saccharomyces cere-
visiae CCTCC 93161 during fermentation in aqueous
solutions. Firstly, morphology of differently treated yeast
cells were analyzed by scanning electron microscope, then
the interactions between PAT and yeast cells were inves-
tigated by infrared absorption spectra of differently treated
S. Cerevisiae cells before and after the adsorption of PAT.
The results showed that the efficiency of PAT removal
raised significantly with the increase of fermentation tem-
perature and time, whereas it decreased significantly with
the increase of initial PAT concentration in the fermenta-
tion system. The proteins and polysaccharides in the cell
walls of yeast interacted with PAT and accounted for the
physical adsorption. The current work would possibly
provide some new insights on PAT control for fermented
foods.
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Introduction

Patulin (PAT) is a toxic metabolite produced by various
species of fungi, most commonly by Penicillium,
Aspergillus and Byssochlamys, and it represents a sig-
nificant hazard to the food and feed chain (Richard 2007;
Neri et al. 2010; Oteiza et al. 2017). It can be found in a
number of fruits, most commonly found in rotting apples,
in general the amount of PAT in apple products is
viewed as a measure of the quality of the apples used in
production [Commission regulation (EC) No 1881/2006].
PAT is a lactone that is heat-stable, so it is difficult to be
destroyed by pasteurization or thermal denaturation. Food
processing can limit PAT levels in the food chain by
physical removal and decontamination by chemical or
enzymatic transformation of PAT into less toxic prod-
ucts, yet do not eliminate PAT completely. The known
strategies for detoxification of PAT in apple juice include
physical, biological and chemical methods. In the past
few years, biological absorption method is of growing
importance to control PAT level in related foods, and is
also thought of as one promising approach (Ge et al.
2017). Currently, attempts have been made to remove
PAT with high efficiency from contaminated foods by
inactivated microorganisms (Yue et al. 2011; Guo et al.
2012; Wang et al. 2015). Besides, live microorganisms
can also absorb either by attaching PAT to their cell wall
components or by active internalization and accumulation
(Harwig et al. 1973; Tannous et al. 2017). A later study
showed that 3 strains of Saccharomyces cerevisiae
reduced PAT levels during fermentive growth but not
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aerobic growth. This reduction resulted in the production
of 2 major products: E-ascladiol, PAT’s immediate
biosynthetic precursor, and its isomer Z-ascladiol (Moss
and Long 2002). However, the physical adsorption
mechanism of PAT during fermentation by living
microorganism cells remains unclear, which became the
bottleneck of the further studies on the biodegradation of
PAT, since the physical adsorption was considered as the
initial step of the biodegradation process. Therefore, the
aim of this work was to study the physical adsorption of
PAT by yeast cells during fermentation in aqueous
solution in order to establish a foundation of the further
studies on the mechanisms of PAT biodegradation.
Additionally, the effects of various conditions, such as
fermentation time, inoculation amount, initial PAT con-
centration and fermentation temperature, on PAT
removal efficiency by S. cerevisiae cells were also
investigated.

Materials and methods
Chemicals and yeast strain

Patulin standard (HPLC grade) was purchased from
Aladdin Chemistry (Shanghai, China). Immediately prior
to use, weighed aliquots of the PAT were dissolved in
water that had been acidified with acetic acid (pH 4)
according to the method by Li et al. (2018). Snail enzyme,
yeast extracts, peptone, and glucose were purchased from
Beijing Dingguo Biotechnology (Beijing, China). Metha-
nol, water, and phosphoric acid were of HPLC grade and
all other reagents were of analytical grade.

Saccharomyces cerevisiae CCTCC 93161 used in this
study were obtained from the Center for Type Culture
Collection (Wuhan, China), were maintained viable in 20%
glycerol at — 80 °C.

Preparation of yeast cells

Cells of Saccharomyces cerevisiae CCTCC 93161 were
scraped from a YEPD plate (10.0 g of yeast extracts,
20.0 g of peptone, 20.0 g of glucose, 20.0 g of agar and 1.0
L of distilled water), and incubated at 30 °C on a rotary
shaker at 150 r/min for 12 h according to the method by Li,
et al. (2018). Then, the culture (cell density: 1.5 x 10%
mL) was centrifuged for 15 min at 5000x g; and the cell
pellets were collected, and washed for 3 times with normal
saline for the following experiments.

Effects of different fermented conditions on PAT-
removing-capacity by yeast cells

Effect of fermentation time

S. cerevisiae (10 g/L) was inoculated into 5 mL of 20%
gluconate solution with the PAT initial concentration of
500 pg/L. The fermentation broth was placed in a constant
temperature shaker, cultured at 30 °C (150 r/min) for dif-
ferent times, and then centrifuged at 6000 r/min (4 °C) for
15 min.

Effect of PAT initial concentration

S. cerevisiae (10 g/L) was inoculated into 5 mL of 20%
gluconate solution with different PAT initial concentra-
tions, and then cultured at 30 °C for 48 h with a shaking
rate of 150 r/min.

Effect of fermentation temperature

S. cerevisiae (10 g/L) was inoculated into 5 mL of 20%
gluconate solution with PAT initial concentration of
500 pg/L, and then cultured for 48 h with a shaking rate of
150 r/min at different fermentation temperatures.

Physical adsorption of PAT by yeast cells
Morphology of yeast cells

To determine the effects of cell walls on PAT removal, the
yeast cells treated with different methods were used to
observe the morphology and explore the physical adsorp-
tion mechanism of PAT by S. cerevisiae CCTCC 93161.
The yeast cells were sampled at their logarithmic growth
phase and centrifuged at 5000x g and 4 °C for 5 min; then,
the pellets were washed for 3 times with sterilized water to
remove the attached matrix (this yeast cells is labelled as
Intact Cells). Another portion of intact cells were collected
and resuspended in normal saline. Such samples were
autoclaved at 121 °C for 20 min (this yeast cells is labelled
as Inactivated Cells). A third portion of intact cells were
prepared and resuspended in citrate—phosphate buffer (pH
5.4). The solution was incubated with snail enzyme
(0.025 g/g wet cell weight) at 37 °C and 150 r/min for 6 h
(this yeast cells is labelled as Protoplasts).These different
treatment methods made the yeast cells with different
cellular wall morphologies. The intact and inactivated cells
had whole cell walls, while the protoplasts represented cell
wall deficiency and damage.

After the above treatments, 1 mL of each solutions was
sampled and centrifuged at 5000x g and 4 °C for 15 min.
The pellets were washed with sterilized water for 3 times,
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and the morphologies of the yeast cells with different
treatments were determined with a scanning electron
microscope (SEM) (8010, Techcomp Ltd. China) accord-
ing to the methods of Ge et al. (2017).

Fourier transform infrared spectroscopy (FT-IR)

To elucidate physical adsorption mechanism, FTIR analy-
sis with a NEXUS 470 FTIR spectrophotometer (Nicolet,
Madison, USA) equipped with a KBr beam splitter, was
used to identify chemical groups of unknown composition
and intensity of absorption spectra associated with the
molecular composition of the chemical group. The above
three types of cells (1.0 g for each) were separately added
into 100 mL of acidified normal saline (pH 4.0) with the
PAT concentration of 500 pg/L. All the solutions were
incubated at 30 °C and 150 r/min for 48 h and then cen-
trifuged to get cell pellets. The cell pellets were freeze-
dried for FTIR analyses according to the methods of Luo
et al. (2015) and Ge et al.(2017).

HPLC analysis for PAT removal efficient by yeast
cells

HPLC analyses were performed as previously described by
Li, et al. (2018). The column used was a 250 mm x 4.6
mm i.d., 5 pm, Symmetry C18 (Waters, Massachusetts,
USA). The mobile phase was acetonitrile—water (10:90, V/
V) with a flow rate of 1 mL/min, an injection volume of 20
pL, and a total run of 20 min. The efficiency of PAT
removed by S. cerevisiae cells (Y) was calculated using the
Eq. (1).

Y = (Ci — G)/Ci x 100% (1)

where C; and Cy are the initial and final concentration of
PAT (ug/L), respectively.

Results and discussion

Effects of different fermented conditions on PAT-
removing-capacity by yeast cells

Effects of different fermented conditions on PAT-remov-
ing-capacity by yeast cells are shown in Fig. 1. From
Fig. 1a, it was found that 53.97% of PAT was removed
after 6 h of fermentation, while the PAT removal rate
reached 85.88% when the systems were fermented for
24 h. Moreover, it was found that about 22.13% of PAT in
the samples was removed from the even beginning of
fermentation (0 h), indicating that physical adsorption
occurred at the initial stage of biodegradation. After the
yeast cells were added into the systems, their cellular
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surfaces interacted and absorbed PAT immediately, which
was consistent with the findings of Du and Guo (2016).
After 24 h, the biological degradation also came to play an
important role in PAT removal, resulting in further
increases in PAT removal. These results indicated that
more PAT would be removed from the fermentation sys-
tems by both physical adsorption and biological degrada-
tion as the fermentation time was elongated.

It was found from Fig. 1b that the high concentration of
PAT (> 500 pg/L) evidently declined the removal rate of
such mycotoxin, and the yeast cells biodegraded all the
PAT in the systems when the PAT concentration was rel-
atively low (< 250 pg/L) after 48 h of fermentation
(< 250 pg/L). Taking the results in Fig. la into account, it
could be concluded that the physical adsorption on the cell
walls and the biodegradation inside the cells were contin-
uous procedures and these two stages would limit the
removal speed and efficiency of PAT.

It was found from Fig. 1c that PAT removal rate sig-
nificantly increased with the increase of temperature from
25 to 37 °C (p < 0.05). This phenomenon was primarily
caused by more drastic motions of the molecules in the
system under higher temperatures which increased the
chances of contact of PAT with yeast cells, and thus
enhanced PAT adsorption rate. On the other hand,
the metabolic activity of yeast cells would also be
increased with temperature (Kannamba et al. 2010; Liu
et al. 2018).

SEM of different S. cerevisiae cells and their
removal efficiencies of PAT

The SEM images of Intact Cells, Inactivated Cells and
Protoplasts of S. cerevisiae CCTCC 93161 and their
removal efficiencies of PAT are demonstrated in Fig. 2. It
can be seen that there is no obvious difference between the
shapes of Intact Cells and Inactivated Cells in Fig. 2a, b.
The Inactivated Cells that were treated with high-temper-
ature autoclaving, maintained the same plump ellipses as
active cells. Compared with the Protoplasts in Fig. 2c, the
cell walls of Inactivated Cells (Fig. 2b) were intact after
high-temperature autoclaving, while regional indentations
were observed on the cellular surfaces of Protoplasts,
indicating that the cell walls were successfully removed
and thus that the cells were soft and elastic.

It can be seen from Fig. 2 that there were significant
differences in the PAT removal rate between the three
types of S. cerevisiae yeast cells. Intact Cells removed all
the PAT in the system after 48 h, while the removal rates
of Inactivated Cells and Protoplasts were significantly
lower (p < 0.05), leading to 19.40% and 34.83% of the
PAT remaining in the system, respectively. The Proto-
plasts exhibited a removal ability for PAT accounting for
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Fig. 1 Effects of fermentation time (a), initial PAT concentration (b) and fermentation temperature (¢) on PAT-removing-capacity by S.
cerevisiae CCTCC 93161 (Bars with different letters are significantly different. p < 0.05)

over 65% of that of the Intact Cells. These results indicated
that PAT removal was introduced by both the cellular walls
and protoplasts of yeast cells. Thus, from this study it was
concluded that the yeast cells during fermentation pro-
cesses removed PAT through both of the physical
adsorption and biological degradation. Some studies have
reported that some microorganisms such as yeasts and
lactic acid bacteria remove PAT through physical adsorp-
tion by functional groups on the cellular walls (Luo et al.
2015; Ge et al. 2017) and biodegradation by enzymes
inside the cells (Ricelli et al. 2007), which agreed with the
current findings from S. cerevisiae CCTCC 93161.

FTIR analyses of differently treated S. cerevisiae
cells

The infrared absorption spectra of differently treated S.
cerevisiae cells before and after the adsorption of PAT are
summarized in Table 1. As shown in Table 1, the strong
and broad absorption peak at 3415.37 cm ™' was attributed
to the stretching vibrations of O-H and N-H bonds. The
absorption peak at 292553 cm™' resulted from the
stretching vibrations of C—H bonds in lipids and proteins.
Those peaks at 1654.65 cm™', 1542.80 cm™' and
1241.95 cm™ " were due to the stretching vibrations of C=0
bonds in the protein amide I bands, the bending vibrations
of N-H bonds in the protein amide II band and the C-N
stretching vibrations in the protein amide III band,
respectively. The peak at 1049.10 cm™' was from the
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Fig. 2 SEM images of
S.cerevisiae CCTCC 93161
cells with different treatments at
8000 x magnification and their
removal efficiencies of PAT,
Intact Cells (a), Inactivated
Cells (b) and Protoplasts (c).
Bars with different letters are
significantly different at

p < 0.05 according to Duncan’s
multiple range test

100 -

80 -

40 |

Removal rate (%)

20 -

2

%

&
X8,000  Zpmie

\2

%

no treated

high temperature treated
Different treatment

snailase treated

Table 1 FTIR bands observed in different S. cerevisiae CCTCC 93161 cells before and after PAT adsorption

Functional groups

Wave numbers (cm™')

Non-treated cells

High-temperature-treated cells

O-H/N-H stretching

C-H stretching

C=0 stretching in amide I

N-H stretching in amide II

C-N stretching in amide III

C-O stretching in polysaccharides
C-Br stretching in alkyl halide

3415.37 (3403.80)
2925.53 (2925.53)
1654.65 (1656.58)
1542.80 (1546.66)
1241.95 (1241.95)
1049.10 (1047.18)
528.41 (530.34)

3411.51 (3396.09)
2925.53 (2925.53)
1658.51 (1654.65)
1537.01 (1540.87)
1241.95 (1241.95)
1047.18 (1047.18)
578.55 (576.62)

3392.23 (3380.66)
2925.53 (2925.53)
1658.51 (1658.51)
1542.80 (1537.01)
1241.95 (1240.03)
1047.18 (1047.18)
-

() The infrared characteristic peaks of yeast cells after PAT adsorption

Snailase-treated cells

stretching vibrations of C=0 bonds in the polysaccharides,
and the peak at 528.41 cm™' was the characteristic
absorption peak of S. cerevisiae. Moreover, it was found
that the IR spectra of Intact Cells were shifted upon PAT
adsorption. The peak for O-H/N-H shifted to
3403.80 cm_l, indicating that O—-H/N-H had a function in
PAT adsorption. The peaks at 1654.65 cm™' and
1542.80 cm™'  were shifted to 1656.58 cm™' and
1546.66 cm™', respectively, suggesting that the functional
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groups on the proteins participated in the PAT adsorption.
The peak at 1049.10 cm™' also decreased to
1047.18 cm™', which suggested that the C=O in polysac-
charides also contributed to PAT adsorption. With respect
to Inactivated Cells after PAT absorption, the peaks at
3411.51 cm™', 1658.51 cm™', and 1537.01 cm™' were
shifed to  3396.09cm™', 1654.65cm™', and
1540.87 cm_l, respectively, indicating that the O—H/N-H
and C=0 bonds in amide I band and the N-H bonds in
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amide II participated in PAT adsorption. Compared with
the Intact Cells, it is noted that all the peaks except for
those of the C—H bond and the C-N stretching vibrations in
the amide III band were shifted regardless of PAT
adsorption, which likely resulted from denaturation of
proteins and exposure of more functional groups after high-
temperature treatments. Compared with Intact Cells, it was
observed that there were also significant changes in the
infrared spectra of Protoplasts of S. cerevisiae before PAT
adsorption. The C=0 bonds in the amide I band and the
polysaccharides changed from 1654.65 cm™' and
1049.10 cm™' to 1658.51 cm™' and 1047.18 cm™ ',
respectively, which was likely due to removal of the cell
walls. After PAT adsorption, the C—H and C=0 bonds of
the amide I band remained unchanged, while the other
peaks shifted towards smaller wavenumbers. The results
from FTIR clearly demonstrated that the O—-H/N-H bonds
of proteins and polysaccharides in yeast cell walls partic-
ipated in the physical adsorption of PAT. Similar obser-
vations were reported in previous studies (Guo et al. 2012,
Yuan et al. 2014).

Conclusion

This paper focused on the physical adsorption of PAT by S.
cerevisiae CCTCC 93161 during fermentation. In order to
elucidate the effects of fermentation conditions on PAT-
removing-capacity of yeast cells during fermentation, a
series of experiments were performed. The results showed
that the efficiency of PAT removal raised significantly with
the increase of fermentation temperature and time, whereas
it decreased significantly with the increase of initial PAT
concentration in fermentation system. It was also found
that yeast cells removed PAT by physical adsorption
through interactions the between O-H/N-H bonds of pro-
teins and polysaccharides in cell walls and PAT.
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