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Abstract 17 

Patulin contamination is a severe issue that restricts the development of the 18 

global fruit processing industry. Yeast adsorbs patulin more effectively than other 19 

microbial adsorbents, and this adsorption process mainly depends on the function of 20 

the cell wall. Additionally, exogenous calcium ions aid in yeast cell wall formation 21 

according to reports. Therefore, in the present study, the effect of exogenous calcium 22 

concentrations on the cell wall structure and the patulin adsorption capability was 23 

studied. We showed that the ability of the yeast to adsorb patulin was strengthened 24 

with an increase in exogenous calcium concentrations between 1×10
-4

 - 1×10
-2

 mol/L. 25 

Moreover, yeast cell wall thickness, β-1,3-glucan content and the activities of the key 26 

catalytic enzymes β-1,3-glucanase and β-1,3-glycosyl transferase were all increased 27 

within this range. The results indicated that exogenous calcium activates key enzymes 28 

and that these enzymes are crucial for cell wall network formation and patulin 29 

adsorption capability. 30 

Importance: 31 

The present work illuminates that the exogenous calcium ions could determine 32 

the insoluble network structure by regulating key enzyme activities under certain 33 

concentrations, thus indirectly influencing the yeast cell patulin adsorption capability. 34 

It could enhance patulin adsorption capability of yeast walls and successfully apply to 35 

fruit juice industry. 36 

Keywords: Calcium, patulin, adsorption capability, yeast cell wall, apple juice 37 
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1. Introduction 38 

Patulin is a kind of secondary metabolite produced by a wide range of fungi 39 

during their growth on rotting fruit. The presence of patulin in fruit and vegetable 40 

products, especially in apple products, has become a severe problem for food safety. It 41 

has been reported that approximately 50% of the analyzed samples showed relatively 42 

high detectable patulin levels in apple juice worldwide 
[1]

. This mycotoxin causes 43 

acute and chronic damage in animal studies and in vitro experiments 
[2, 3]

. Patulin was 44 

classified as a category 3 toxin by the International Agency for Research on Cancer 
[4]

, 45 

and the European Union (EU) has recommended that the maximum patulin detection 46 

levels are 50 μg/kg for fruit juices and 10 μg/kg for infant products 
[5]

. 47 

To ensure fruit product safety, numerous approaches, including physical, 48 

chemical, and biological methods, have been developed to eliminate patulin 49 

occurrence. Biological adsorption has recently been considered the most effective 50 

strategy in the food industry. Yeast adsorption is considered to have a dominant role 51 

compared to other microorganisms due to its unique advantages, such as easier 52 

cultivation, lower cost, and lack of hazards 
[6]

. Most yeast species, such as 53 

Saccharomyces cerevisiae, Candida spp., Pichia spp., and Rhodotorula spp., can 54 

adsorb patulin and other mycotoxins 
[6, 7]

. The yeast cell wall allows cells to adsorb a 55 

range of compounds from the environment, and it was reported to be the major 56 

component for patulin adsorption. In addition, we could state that the β-glucans that 57 

make up the cell wall play an important role in patulin adsorption 
[8]

. Yiannikouris and 58 

others indicated that yeast strains possess a larger number of β-glucans and a greater 59 
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amount of chitin and thus were able to adsorb larger amounts of mycotoxins 
[9]

. 60 

Furthermore, the key factors in the yeast cell wall β-glucan and mycotoxin adsorption 61 

processes were identified as van der Waals and hydrophobic interactions 
[10]

. Based on 62 

these facts, the interactions between the β-glucans and patulin are more of an 63 

adsorption type with physical interactions, and the three-dimensional network 64 

structure of β-glucans has an important role in the adsorption. 65 

The yeast cell wall three-dimensional network structure mainly consists of β-1,3- 66 

and β-1,6-glucan chains linked to chitin and mannoproteins 
[11]

. The network was 67 

identified as having uracil diphosphate-glucose (UDP-glucose) as its unique precursor 68 

substance, and β-1,3-glucan soluble chains were then biosynthesized utilizing 69 

β-1,3-glucanase. Next, β-1,3-glucan insoluble chains were generated by cross-linking 70 

with chitin catalyzed by β-1,3-glycosyl transferase 
[12]

 (Figure 1). Some research 71 

indicated that adding an appropriate amount of calcium ions during the yeast growth 72 

process promoted β-1,3-glucan formation and the activity of β-1,3-glucanase, 73 

thus predicting that it may be associated with calcium signaling pathways 
[13]

. Since 74 

calcium ions play a critical role as intracellular messengers in eukaryotic cells, they 75 

could allow the activation of the target protein calcineurin (CaN), which carries out 76 

multiple functions, including cell wall formation 
[14-16]

. Nevertheless, the manner in 77 

which exogenous calcium influences the patulin adsorption capability of the yeast cell 78 

wall and the specific relationship between them have rarely been reported. 79 

To explore the relationship between the exogenous calcium concentration and 80 

patulin adsorption capability of the yeast, this study aims to 1) verify the effect of 81 
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exogenous calcium concentrations on the yeast cell wall yield and cell wall thickness, 82 

2) illuminate the role of exogenous calcium concentrations on yeast cell wall 83 

β-1,3-glucan content and β-1,3-glucanase activity, and 3) analyze the patulin 84 

adsorption improvement mechanism. 85 

2. Materials and methods 86 

2.1 Materials and reagents 87 

Standards of patulin, standard β-glucan, and calcium chloride were all purchased 88 

from Sigma-Aldrich (St. Louis, MO, USA). Saccharomyces cerevisiae ATCC 18824 89 

was purchased from the American Type Culture Collection. Fluo 3-AM, and Pluronic 90 

F127 were obtained from Solarbio (Beijing, China). Other chemicals used in the 91 

experiments were all obtained from a local chemical reagent company. All chemical 92 

reagents were of analytical grade, and the solutions were prepared with deionized 93 

water. 94 

2.2 Different concentrations of exogenous calcium and the preparation of cultivated 95 

yeast cells preparation 96 

Yeast cells were cultivated in yeast extract peptone dextrose medium (YPD 97 

culture medium: glucose 2%, peptone 2% and yeast extract powder 1%) at 120 rpm, 98 

30°C for 24 h. After cultivation was activated, yeast cells (5% inoculum size) were 99 

inoculated into calciferous YPD culture media with exogenous calcium concentrations 100 

ranging from 1×10
-4

 mol/L to 1 mol/L (120 rpm, 30°C for 24 h). After calcium 101 

cultivation, the cells were collected by centrifugation and washed twice with sterilized 102 

water. To analyze the yeast cell biomass (g/L), the cells were collected from 1000 mL 103 
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of cell suspension and weighed after being freeze-dried to a constant weight. 104 

2.3 Intracellular calcium concentration determination 105 

To determine the intracellular calcium concentration, yeast protoplasts cultivated 106 

in different amounts of calcium were incubated at 37°C for 30 min with the addition 107 

of the calcium fluorescence probe Fluo 3-AM. Cells loaded with Fluo 3-AM then 108 

adhered to microscope slides using polylysine. Laser confocal fluorescence 109 

microscopy was used to determine the concentration of intracellular calcium. The 110 

excitation and emission wavelengths of Fluo 3-AM were 488 nm and 525 nm, 111 

respectively. 112 

2.4 Cell wall morphology and thickness analysis 113 

The cell wall thickness was determined using transmission electron microscopy 114 

(TEM) (JEOL-1230; JEOL Ltd., Japan). Different calcium-cultivated yeast cells were 115 

used to prepare the specimens for TEM. Thirty cells were randomly selected from five 116 

different fields of view. For each cell, four different points were measured. The cell 117 

wall thickness statistics were obtained using a frequency histogram. 118 

2.5 Cell wall network structure components analysis 119 

Different calcium-cultivated yeast cells were disrupted using an ultrasonic cell 120 

disruption system (Scientz-IID, Ningbo Xinzhi Biotechnology Co., Ltd.). For 121 

1,3-β-glucan and 1,6-β-glucan extraction and purification, the cell wall fractions were 122 

extracted with NaOH at 75°C. The alkali-insoluble and alkali-soluble glucans were 123 

1,3-β-glucan and 1,6-β-glucan, respectively 
[17]

. A Dionex Bio-LC system (ICS2500, 124 

USA) coupled with an ED 50 electrochemical detector was used to quantitatively 125 
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analyze the cell wall carbohydrates. Deionized water: 0.5 mol/L NaOH (3.5: 96.5; v/v) 126 

was used as the isocratic mobile phase with a flow rate of 1 mL/min at room 127 

temperature. The chitin content was determined using an enzymatic method as 128 

described in other reports 
[18]

. 129 

2.6 Extraction and activity determination of β-glucanase and β-1,3-glycosyl 130 

transferase 131 

A spectrophotometric method was used to detect β-glucanase activity. 132 

Resuspended yeast cells grown in differing concentrations of calcium had their cell 133 

walls disrupted with glass beads. The samples diluted with phosphate buffer were 134 

mixed with lichenan at 50°C for 10 min, and 3,5-dinitrosalicylic acid was then added 135 

and boiled for 5 min. Spectrophotometry was used to measure the β-glucanase 136 

activities at 520 nm ultraviolet wavelength after the samples had cooled. A specific 137 

assay kit was prepared to detect β-1,3-glycosyl transferase activity after cell walls 138 

disrupted with glass beads. 139 

2.7 Patulin adsorption and analysis in aqueous solution and apple juice 140 

Different concentrations of calcium-cultivated yeast cells were suspended in 200 141 

μg/L aqueous solution (1 mL) and patulin-contaminated apple juice (10 mL) with 142 

10
6
/mL and 100 mg yeast cell addition, respectively. The cells were incubated for 10 h 143 

(150 rpm at room temperature) in a shaker incubator. The control sample lacked 144 

added cells. Three replications were prepared for each sample, and the independent 145 

experiments were performed three times. After 10 h, the cells were separated by 146 

centrifugation at 3600×g for 5 min, and the supernatants were then collected to extract 147 
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and detect patulin 
[19]

. Patulin was analyzed by high-performance liquid 148 

chromatography (HPLC), separated by a C18 reversed-phase column, and detected 149 

using HPLC connected with a UV absorbance detector set at 276 nm. An acetonitrile: 150 

water solution (10: 90) was used as the isocratic mobile phase with a flow rate of 1 151 

mL/min at 30°C, and the elution time was 15 min for each sample 
[20]

. The patulin 152 

adsorption efficiency (R%) was calculated using the following equation: 153 

R% =
(C0−Cf)

C0
× 100                       (1) 154 

where C0 and Cf are the initial and final concentrations of patulin (mg/L), 155 

respectively. 156 

2.8 Statistical analysis 157 

The experiments were generally performed in triplicate, and the data are 158 

presented as the mean ± standard deviation. All data were subjected to one-way 159 

ANOVA using the Statistical Analysis System (SAS Inst., Cary, N.C., U.S.A.). The 160 

data were considered statistically significant when p < 0.05. 161 

3. Results and discussion 162 

3.1 The effect of exogenous calcium concentrations on yeast cells and cell wall 163 

biomass 164 

The calcium ion is an essential element that serves as an intracellular messenger 165 

in yeast cells 
[21]

. Adding exogenous calcium during yeast growth contributes to the 166 

activation of the calcium pathway, thus regulating cell growth and cell wall synthesis 167 

[22]
. Changes in yeast cells and their cell wall biomass cultivated with different 168 

concentrations of exogenous calcium are compared in Figure 2. Yeast cell and cell 169 
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wall biomass were positively correlated with exogenous calcium concentrations at a 170 

range from 1×10
-4

 mol/L to 1×10
-2

 mol/L, with the highest biomass of 3.93 g/L for the 171 

yeast cells and 0.38 g/L for the cell walls at the calcium concentration of 1×10
-2

 mol/L. 172 

With calcium concentrations continuing to increase, the yeast cell biomass 173 

subsequently decreased slightly at a calcium concentration of 1×10
-1

 mol/L and then 174 

decreased rapidly when the calcium concentration increased to 1 mol/L with a 175 

biomass of only 1.34 g/L. However, the cell wall biomass suddenly decreased from 176 

1×10
-1

 to 1 mol/L, finally dropping to 0.24 g/L. The results indicated that exogenous 177 

calcium could enhance yeast and yeast cell wall growth in a certain extent and that the 178 

most effective concentration was 1×10
-2 

mol/L. 179 

3.2 Intracellular calcium concentration determination 180 

To confirm the effect of activation of exogenous calcium on the intracellular 181 

calcium pathway, the intracellular calcium
 
concentration and the relation between 182 

intra- and extracellular calcium were determined. The fluorescence intensities of 183 

cytosolic free calcium in different exogenous calcium culture cells were determined at 184 

the same cell concentration of 1×10
5
/mL, and the results are shown in Figure 3. The 185 

relative intensity of cytosolic free calcium apparently intensified with increasing 186 

exogenous calcium concentrations to a certain extent, ranging from 1×10
-4

 to 1×10
-2

 187 

mol/L. However, the fluorescence intensity of the cytosolic free calcium became weak 188 

and ultimately disappeared with the increase in the exogenous calcium concentration. 189 

The intracellular calcium had the highest concentration when the exogenous calcium 190 

concentration was 1×10
-2

 mol/L. This is due to the existence of a calcium steady-state 191 
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system in Saccharomyces cerevisiae. During conditions of high exogenous calcium 192 

ion concentrations, the exogenous calcium ions could enter the yeast cells aided by 193 

transporter proteins 
[23, 24]

. However, under conditions of excessive intracellular 194 

calcium concentrations, the redundant calcium was partially transported into vacuoles 195 

using vacuolar proton pumps, and the other portion was transported extracellularly 196 

using Golgi/endoplasmic calcium pumps 
[25]

. 197 

3.3 The effect of exogenous calcium concentration on cell wall thickness 198 

The ultrastructures of different exogenous calcium cultivated cells are shown in 199 

the TEM images at 25,000 × magnification (80.0 kv, 10.0 μA) in Figure 4, and the 200 

frequency histogram is used to calculate cell wall thickness (Figure 5). TEM images 201 

obviously displayed the tightness and thickness of the cell wall, and the cell wall 202 

thickness increased in parallel with the increasing calcium concentrations compared to 203 

the control group. However, the thickness reached its peak when the concentration of 204 

calcium added was 1×10
-2

 mol/L and then decreased as the calcium concentration 205 

continuously increased. In image f of the maximum calcium addition (1 mol/L), it 206 

appears that the cell wall layer was thinner and most easily damaged. The cell wall 207 

thickness values were determined by combining with the thickness statistics. The 208 

thickness values increased from 66.9 nm to 210.54 nm at 1×10
-2

 mol/L, and then 209 

decreased to 99.46 nm at the maximum calcium addition of 1 mol/L. These results 210 

indicated that the exogenous addition of calcium contributes to yeast cell wall layer 211 

formation to a certain degree because the increasing intracellular calcium could 212 

trigger the formation of the Ca
2+

-calcineurin complex in the cytoplasm, thus 213 
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activating calcineurin 
[26]

. The activated calcineurin affected the formation of the cell 214 

wall by phosphorylating the transcription factor crz1 and then regulating the 215 

expression of multiple downstream calcineurin-dependent genes 
[27, 28]

. 216 

3.4 The effect of exogenous calcium concentrations on the yeast cell wall insoluble 217 

network structure 218 

Yeast cell walls are considered to be made up of different glucan types with 219 

different solubility properties. The solubility properties of yeast cell wall glucan had a 220 

direct relationship with the existence of chitin. Chitin, with its content less than 3%, 221 

connected with glucan by covalent bonds and could change soluble glucan to an 222 

insoluble state 
[29]

. Therefore, many studies have been conducted on the network 223 

structure composed of β-glucans (β-1,3-glucans and β-1,6-glucans) and chitin 
[18]

. 224 

Different exogenous calcium-cultivated cell wall network compositions were 225 

analyzed in this study, and the results of the β-1,3-glucan, β-1,6-glucan, and chitin 226 

contents are shown in Figure 6. As seen from the illustration, the β-glucan and chitin 227 

contents increased as the exogenous calcium concentration increased from 1×10
-4

 to 228 

1×10
-2

 mol/L compared to the controls. Their contents then started to decrease at 229 

1×10
-1

 mol/L, with a sudden drop at the calcium concentration of 1 mol/L. It 230 

displayed a similar trend with the results of the cell wall biomass and cell wall 231 

thickness since the insoluble β-glucan content influenced the density and thickness of 232 

the network structure and cell wall formation 
[11]

. 233 

3.5 The effect of exogenous calcium concentration on the activities of β-1,3-glucanase 234 

and β-1,3-glycosyl transferase 235 
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The cell wall network structure is biosynthesized with uracil diphosphate glucose 236 

as the only precursor substance and it then synthesizes long-chain soluble β-glucans 237 

utilizing β-1,3-glucanase, eventually forming insoluble β-glucans with chitin 238 

mediated by β-1,3-glycosyl transferase. Consequently, the activities of 239 

β-1,3-glucanase and β-1,3-glycosyl transferase play important roles during cell wall 240 

network structure formation 
[12]

. The effect of exogenous calcium concentrations on 241 

the β-1,3-glucanase and β-1,3-glycosyl transferase activities are shown in Figure 7. As 242 

shown in the figure, the activities of β-1,3-glucanase and β-1,3-glycosyl transferase 243 

increased as the exogenous calcium concentration increased within the concentration 244 

of 1×10
-2

 mol/L, and the results concurred with those observed in other studies 
[13]

. As 245 

the exogenous calcium concentration continued to increase (1×10
-1

 mol/L), the 246 

excessive calcium could act as osmotic pressure, which is harmful for yeast cells. The 247 

cell would be forced to stop its calcium response to promote the high osmotic pressure 248 

glycerol response (HOG) pathway since a high osmotic stress response attempts to 249 

repair the molecular damage and adapt to the new environment 
[30, 31]

. At this point, 250 

β-1,3-glucanase and β-1,3-glycosyl transferase, which are regulated by calcium 251 

signals, would suffer a sudden decrease, subsequently causing insoluble β-glucans and 252 

cell wall thickness and even a decrease in the cell wall and yeast biomass. 253 

3.6 The effect of exogenous calcium concentration on patulin adsorption capability 254 

The results of the patulin adsorption with different amounts of exogenous 255 

calcium-cultivated yeast cells are shown in Figure 8. All the cells tested could 256 

efficiently adsorb patulin from the aqueous solution and the apple juice, and the 257 
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patulin adsorption ratios increased in parallel with the exogenous calcium 258 

concentration that increased within 1×10
-2

 mol/L. Patulin adsorption ratios increased 259 

from 83.4% to 94.8% in aqueous solution and from 76.2% to 85.9% in apple juice. 260 

Subsequently, the patulin adsorption ratios slightly decreased at 1×10
-1

 mol/L, with 261 

the adsorption ratios 92.5% and 83.7% in the aqueous solution and the apple juice, 262 

respectively. As the calcium ion concentration continued to increase to 1 mol/L, the 263 

patulin adsorption capability of the yeast cells dropped precipitously either in the 264 

aqueous solution or in the apple juice. It was evident that the effect of exogenous 265 

calcium on the patulin adsorption capability of the yeast cells was significant because 266 

the cell wall network structure and thickness changed with exogenous calcium 267 

concentration. The adsorption capability of the patulin increased in parallel with the 268 

density of the cell wall network structure 
[8]

. It can also be seen that the patulin 269 

adsorption capability of the yeast cells is greater in aqueous solutions. This is due to 270 

the nonspecific adsorption characteristic of yeast cells. In apple juice, a certain 271 

amount of pigments could be adsorbed as well, and they competed with the adsorption 272 

sites for patulin, thus removing the available adsorption sites in the yeast cell wall 273 

associated with patulin 
[6]

. 274 

4. Conclusion 275 

In this study, we have shown that exogenous calcium ions can improve the 276 

patulin adsorption capability of the yeast cell. This is the first report demonstrating a 277 

relationship between the calcium ion and patulin adsorption. Previous studies revealed 278 

that the patulin adsorption capability of yeast cells was primarily based on the cell 279 
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wall filamentous network structure, and the adsorption process was considered to be 280 

due to the insertion of the free patulin adsorbed into the network pore structure 
[8]

. 281 

This peculiar network structure is formed with β-1,3-glucan and chitin, which were 282 

controlled by the activities of β-1,3-glucanase and β-1,3-glycosyl transferase 
[12]

. In 283 

the present study, research on the improvement of the ability to adsorb patulin was 284 

conducted by adding different concentrations of exogenous calcium ions during yeast 285 

growth. A series of experiments showed that the exogenous calcium ions could 286 

determine the insoluble network structure by regulating key enzyme activities under 287 

certain concentrations, thus indirectly influencing the yeast cell patulin adsorption 288 

capability. 289 

We preliminarily speculated on the mechanisms of the improvement in the 290 

patulin adsorption capability from our results. An appropriate amount of exogenous 291 

calcium ions entered the yeast cell with the aid of transporter proteins on the cell 292 

membranes and subsequently activated the calcineurin pathway by combining with 293 

the target protein calcineurin 
[24]

. Furthermore, the activated calcineurin carried out 294 

multiple functions, including upregulating some genes that encode key enzymes 295 

associated with cell wall formation 
[16, 32]

. Nonetheless, superabundant exogenous 296 

calcium ions posed a threat to yeast cells since a high osmotic pressure glycerol 297 

response (HOG) pathway would be activated to respond to the superabundant calcium 298 

stress. 299 

On the basis of this study, more questions raised require further study. For 300 

example, it is not clear whether exogenous calcium activates the calcineurin pathway 301 
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to determine the patulin adsorption capability of the yeast cells. Additionally, it is 302 

unclear whether the decisive results obtained were mediated by a gene crz1 regulatory 303 

effect. Intriguingly, one study showed that the β-1,3-glucanase regulatory gene gsc2 304 

and β-1,3-glycosyl transferase regulatory gene crh1 were probably calcineurin 305 

dependent, and their activation and expression may be affected by the 306 

calcineurin/Crz1 pathway 
[22]

. Thus, determining if the key genes gsc2 and crh1 are 307 

upregulated with the concentration of exogenous calcium in S. cerevisiae would be of 308 

interest. Further studies to elucidate the calcineurin/Crz1 pathway and crz1 gene 309 

expression driven by exogenous calcium are needed. 310 
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Figure captions 416 

Figure 1 Yeast cell wall network structure biosynthesis and key enzymes 417 

involvement. 418 

Figure 2 Different exogenous calcium culture cell biomass and cell wall biomass 419 

determination. Bars marked with different lowercase letters are significantly different 420 

(p < 0.05). 421 

Figure 3 The fluorescence intensities of cytosolic free calcium in different exogenous 422 

calcium culture cells (a, b, c, d, e and f were 0, 1×10
-4

, 1×10
-3

, 1×10
-2

, 1×10
-1

, and 423 

1mol/L, respectively). 424 

Figure 4 TEM images of different exogenous calcium culture cells at 25,000 × 425 

magnification (a, b, c, d, e and f were 0, 1×10
-4

, 1×10
-3

, 1×10
-2

, 1×10
-1

, and 426 

1mol/L, respectively). 427 

Figure 5 Histogram statistical results of different exogenous calcium culture cell wall 428 

thickness (a, b, c, d, e and f were 0, 1×10
-4

, 1×10
-3

, 1×10
-2

, 1×10
-1

, and 1mol/L, 429 

respectively). 430 

Figure 6 Different exogenous calcium culture cell wall insoluble network structure 431 

composition analysis. Bars marked with different lowercase letters are significantly 432 

different (p < 0.05). 433 

Figure 7 The activities of β-1,3-glucanase and β-1,3-glycosyl transferase in different 434 

exogenous calcium culture cells. 435 
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Figure 8 Patulin adsorption in aqueous solution and commercial apple juice by 436 

different exogenous calcium culture cells. Bars marked with different lowercase 437 

letters are significantly different (p < 0.05). 438 
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