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ABSTRACT 22 

This study revealed the spatial-temporal distribution of deoxynivalenol (DON), 23 

aflatoxin B1 (AFB1), and zearalenone (ZEN) during the acetic acid fermentation 24 

(AAF) of aromatic vinegar and the corresponding correlation with the microbial 25 

community. A total of 324 samples were collected during the AAF process to analyze 26 

the mycotoxin content. The average DON content fluctuated during the first 7 d, 27 

while the average AFB1 and ZEN levels increased at 5-7 d and 7-11 d, respectively, 28 

remaining stable until the end of fermentation. In addition, the significant AFB1 and 29 

ZEN content variation was limited to the cross-sectional sampling planes in the 30 

fermentation basin, while DON was heterogeneously distributed on the cross-31 

sectional, horizontal, and vertical sampling planes. Furthermore, the redundancy 32 

analysis and Spearman correlation coefficients revealed close relationships between 33 

three mycotoxins and certain bacterial and fungal species. This study provides new 34 

information regarding the mycotoxins during solid-state fermentation of traditional 35 

vinegar.  36 

Keywords  37 

Mycotoxin; Chinese vinegar; Solid-state fermentation; Lactobacillus; Aspergillus  38 



1 Introduction 39 

East Asian countries have used solid-state fermentation for thousands of years to 40 

prepare beverages and condiments (Lu et al., 2018; Sun et al., 2022). This method is 41 

commonly used in China to produce soy sauce, Chinese vinegar, and Chinese liquor 42 

(Baijiu) (Liu et al., 2022 (1); Tu et al., 2022), with an annual total production of over 43 

20 million tons (Shen, 2022).  44 

Despite the widespread consumption of solid-state fermented food, consumer 45 

concern has increased regarding the quality and safety of these products (Zhang et al., 46 

2022; Di et al., 2023). Due to raw material and substrate contamination and the 47 

vulnerability of the open fermentation environment to toxigenic fungal growth, solid-48 

state fermented food is highly susceptible to mycotoxins (Liu et al., 2022 (2); Li et al., 49 

2023). Recent evidence has revealed the presence of mycotoxins in final solid-state 50 

fermentation products such as soy sauce, horse bean-chili-paste, Korean soybean 51 

paste, and Baijiu (Lu et al., 2021; Jeong et al., 2019; Woo et al., 2019; Zhu et al., 52 

2016). Fermented food contamination by mycotoxins poses a significant threat to 53 

public health since some are known or suspected carcinogens (Awuchi et al., 2022; 54 

Ekwomadu et al., 2021). Therefore, tracking mycotoxin occurrence and distribution 55 

during solid-state fermentation is essential.  56 

Traditional Chinese vinegar is mostly produced using a typical aerobic solid-57 

state fermentation technique. At least 14 main types are commercially available, 58 

including Zhenjiang aromatic vinegar (ZAV), Shanxi old mature vinegar, Fujian 59 



Monascus vinegar, and Sichuan bran vinegar (Li et al., 2023).  60 

Like most solid-state fermented food, the production of Chinese vinegar is 61 

complex. During ZAV production, the acetic acid fermentation (AAF) stage lasts 18 d 62 

and is regarded as the most important step due to acetic acid formation and flavor 63 

development (Wang et al., 2015). Typical AAF uses wheat bran and rice husk as solid-64 

state fermentation substrates (vinegar Pei), which are mixed with vinegar seeds and 65 

alcoholic fermentation broth (Al-Dalali et al., 2023). This process also employs deep-66 

bed concrete basin systems for intermittent vinegar Pei stirring and mixing (Huang et 67 

al., 2022). Although several studies have focused on the impact of fermentation 68 

processing on bioactive components and microbial community diversity during 69 

Chinese vinegar production (Gong et al., 2021; Yu et al., 2022), minimal research is 70 

available regarding the risk evaluation of mycotoxins in these products.  71 

This study employs a ZAV model system involving the pilot production of a 72 

traditional Chinese vinegar to illuminate the spatial distribution of the primary 73 

mycotoxins during AAF and reveal the dynamic changes in the bacterial and fungal 74 

community compositions at different spatial locations in the fermentation basin. The 75 

correlation between the mycotoxin and microorganism diversity is analyzed to 76 

determine the potential microbial effect on the mycotoxin distribution during solid-77 

state Chinese vinegar fermentation. This study is the first to characterize the 78 

mycotoxin levels and distribution variation during solid-state Chinese vinegar 79 

fermentation. The findings can help understand the factors causing mycotoxin 80 



contamination in the solid-state fermentation substrate. 81 

2 Materials and methods 82 

2.1 Reagents and chemicals 83 

The mycotoxin standards (deoxynivalenol (DON), zearalenone (ZEN), and 84 

aflatoxin B1 (AFB1)) were obtained from Sigma-Aldrich (St. Louis, Mo, USA). The 85 

mycotoxin standard stock solution (100 mg/L for DON and ZEN and 10 mg/L for 86 

AFB1) was prepared using methanol and stored at -80 °C until further use. HPLC 87 

grade methanol and acetonitrile were obtained from the Tianjin Concord Tech 88 

Reagent Company (Tianjin, China), while the pure water was prepared using a Milli-89 

Q Water Purification System (Millipore Corporation, Billerica, MA, USA). The other 90 

chemicals and solvents were all analytically pure and purchased from Sinopharm 91 

Chemical Reagent Co. Ltd. (Shanghai, China). The immunoaffinity columns 92 

(WSKC04A, WSKC02B, and WSKC03A) for the targeted isolation of DON, AFB1, 93 

and ZEN were purchased from Wisherkon Co. Ltd. (Wuhan, China).  94 

2.2 The solid-state vinegar fermentation process 95 

The traditional method was used for the ZAV solid-state fermentation process, 96 

consisting primarily of four stages: (I) starch saccharification, (II) alcohol 97 

fermentation, (III) AAF, and (IV) sealed fermentation. Stage III (i.e., AAF) was 98 

initiated by adding fermented rice mash obtained during stage II and seed Pei from the 99 

last AAF batch to the fermentation substrate (rice husk and wheat bran) (Shen et al., 100 

2016).   101 



According to the traditional technique, the AAF was performed in a fermentation 102 

basin using about 960 kg rice husk, 2550 kg wheat bran, 900 kg seed Pei, and 103 

fermenter rice mash. During the early AAF stage (1 d to 6 d), vinegar Pei was turned 104 

in increasing layers of 5 cm to 10 cm per day. During the first 3 d of AAF, the top 105 

vinegar Pei layer was covered with rice husk to preserve heat after each turning. From 106 

4 d to 6 d, wheat bran was added to the vinegar Pei after turning, and the Pei was 107 

covered with rice husk again. The gradual increase in the turning depth allowed all the 108 

vinegar Pei layers to be turned over by the middle fermentation stage (7 d). During the 109 

final fermentation stage (8 d to 17 d), the vinegar Pei was thoroughly turned over 110 

daily.    111 

2.3 Vinegar Pei sample collection 112 

The vinegar Pei collection method is illustrated in Fig. 1. The fermentation basin 113 

(length × width × depth = 10 × 1.5 × 0.8 m) was selected as the sample collection 114 

area, where a total of 36 sampling points were established, which were distributed on 115 

10 planes to enhance the mycotoxin distribution evaluation in different directions. 116 

Here, a1, a2, a3, and a4 represented cross-sectional planes divided in the x-axis 117 

direction, while b1, b2, and b3 denoted the horizontal planes divided in the y-axis 118 

direction, and c1, c2, and c3 signified the vertical planes divided in the z-axis direction. 119 

The vinegar Pei was sampled in the fermentation basin at 1 d, 3 d, 5 d, 7 d, 9 d, 11 d, 120 

13 d, 15 d, and 17 d of the AAF process, obtaining 324 specimens.  121 

To accurately describe the mycotoxin distribution and microorganisms during the 122 



AAF process, the vinegar Pei samples were collected at the same points in three 123 

different fermentation basins on the same day, mixed thoroughly, and reduced via 124 

repeated coning and quartering (Yu et al., 2022). Here, 500 g of each vinegar Pei 125 

sample was sealed in sterile plastic bags and stored at -80 °C for further analysis. In 126 

addition, the Maiqu (the starter for the alcohol fermentation process), raw materials 127 

(rice husk and wheat bran), and final vinegar products were also collected.  128 

2.4 The measurement of the moisture content and pH  129 

The moisture level was determined using the gravimetric method (Li et al., 2012) 130 

by drying the vinegar Pei samples at 105 °C for 4 h. The moisture content was 131 

calculated using the following formula:  132 

𝑀 =
𝑚1 −𝑚2

𝑚1
× 100% 133 

where M is the moisture content (%), m1 is the original vinegar Pei weight (g), 134 

and m2 is the dehydrated vinegar Pei weight (g).  135 

The pH of the vinegar Pei was determined according to a method delineated by 136 

Huang, et al. (2022). Here, a 10 g vinegar Pei sample was soaked with 30 mL water 137 

and agitated at 100 rpm for 3 h at 25 °C using a shaker, after which the supernatant 138 

was collected via centrifugation at 6000 rpm for 10 min. The pH was measured using 139 

a pH meter (pH.3B, Shanghai, China).  140 

2.5 The quantification of three mycotoxins in the vinegar Pei via HPLC  141 

2.5.1 DON extraction from the vinegar Pei  142 

The DON was extracted from the vinegar Pei using a method described by Wall-143 



Martínez, et al. (2020) with slight modifications. A 25 g vinegar Pei sample was 144 

mixed with 5 g of polyethylene glycol and extracted via ultrasonication with 100 mL 145 

water in a clean ultrasonic bath for 30 min at 25 °C, after which the supernatant was 146 

collected after centrifugation at 6000 rpm for 10 min. Next, 7.5 mL of the neutral 147 

supernatant, 30 mL of phosphate buffered solution (PBS), and 3 mL eluent (methanol) 148 

were passed separately through the immunoaffinity column at 1.5 mL/min, after 149 

which 2 mL of DON extract was collected. The DON extract was evaporated in a 150 

nitrogen stream (45 °C) and resuspended in 1.5 mL of water.  151 

2.5.2 AFB1 extraction from the vinegar Pei  152 

The AFB1 was extracted from the vinegar Pei using a method delineated by 153 

Kong, et al. (2014) with slight modifications. A 25 g vinegar Pei sample was mixed 154 

with 4 g of NaCl and extracted via ultrasonication with 70% MeOH (100 mL; 155 

methanol:water = 70:30, v:v) in a clean ultrasonic bath for 30 min. Then, 10 mL of 156 

supernatant was collected after centrifugation at 6000 rpm for 10 min and diluted with 157 

30 mL of water. Next, 40 mL of the neutral supernatant, 30 mL of PBS, and 2 mL 158 

eluent were passed separately through the immunoaffinity column at 1.5 mL/min, 159 

after which 1 mL of AFB1 extract was collected.  160 

2.5.3 ZEN extraction from the vinegar Pei  161 

The ZEN was extracted from the vinegar Pei using a technique described by 162 

Wall-Martínez, et al. (2020). A 25 g vinegar Pei was mixed with 4 g of NaCl and 163 

extracted via ultrasonication with 90% acetonitrile (ACN) (100 mL; ACN:water = 164 



90:10, v:v) in a clean ultrasonic bath (30 min). Then, 10 mL of supernatant was 165 

collected via centrifugation (6000 rpm, 10 min) and diluted with 40 mL of water. 166 

Next, 50 mL of the neutral supernatant, 30 mL of PBS, and 2 mL eluent were passed 167 

through the immunoaffinity column (1.5 mL/min), respectively, after which 1 mL of 168 

ZEN extract was collected.  169 

2.5.4 HPLC system  170 

The DON was quantified using a Shimadzu LC-20AT HPLC system coupled 171 

with an SPD-220AV ultraviolet detector (Shimadzu, Kyoto, Japan). An HP-C18 172 

column (250 mm × 4.6 mm, 5 μm particle size, Sepax Technologies, Inc, USA) was 173 

used for separation. The HPLC conditions were modified according to a method 174 

delineated by Wall-Martinez, et al. (2019). The mobile phase consisted of 20% MeOH 175 

(methanol:water = 20:80, v:v) and was pumped at a 0.8 mL/min flow rate. The 176 

chromatographic analysis was performed at 35 °C at an absorption wavelength of 218 177 

nm.  178 

In addition, the AFB1 and ZEN were quantified using a Shimadzu LC-20AT 179 

HPLC system equipped with an RF-10AXL fluorescence detector (Shimadzu, Kyoto, 180 

Japan). The AFB1 was measured using a mobile phase consisting of 65% ACN 181 

(ACN:water = 65:35, v:v), pumped at a flow rate of 0.8 mL/min. The 182 

chromatographic analysis was performed at 25 °C, while the AFB1 was detected at an 183 

excitation wavelength of 360 nm and an emission wavelength of 440 nm (Chien, et 184 

al., 2018).  185 



The ZEN was quantified using a mobile phase consisting of 60% MeOH 186 

(methanol:water = 60:40, v:v), pumped at a flow rate of 0.8 mL/min. The 187 

chromatographic analysis was performed at 40 °C, and the ZEN was detected at 274 188 

nm (excitation) and 440 (emission) (Wall-Martinez et al., 2019), respectively. 189 

The extracted samples were passed through a 0.22 μm filter before injecting 50 190 

μL into the HPLC system. The calibration curve was established using five 191 

concentration levels for each mycotoxin (100 μg/kg, 200 μg/kg, 500 μg/kg, 1000 192 

μg/kg, and 1500 μg/kg for DON, 0.25 μg/kg, 0.5 μg/kg, 1 μg/kg, 2 μg/kg, and 5 μg/kg 193 

for AFB1, and 10 μg/kg, 20 μg/kg, 40 μg/kg, 80 μg/kg, and 150 μg/kg for ZEN). The 194 

regression equations between the concentration (x) and the peak area (y) of DON, 195 

AFB1, and ZEN were y = 91.33 × x + 779.53 with an R2 of 0.9995 (Fig. S1), y = 196 

7532.15 × x – 289.26 with an R2 of 0.9995 (Fig. S2), and y = 273.31 × x – 545.14 197 

with an R2 of 0.9994 (Fig. S3), respectively. The DON, AFB1, and ZEN retention 198 

times were 16.28 min, 6.08 min, and 14.76 min.  199 

2.6 Microbial community analysis  200 

The bacterial and fungal community structures in the raw material and vinegar 201 

Pei samples were analyzed via 16S rDNA and internal transcribed spacer (ITS) to 202 

determine the microbial communities during fermentation. The vinegar Pei samples 203 

for the microbiological analysis were collected from 10 sampling sites (at 2, 4, 5, 6, 204 

and 8 sampling points on planes a1 and a4 (Fig. 1)) at 1 d, 3 d, 5 d, 7 d, 9 d, 11 d, 13 d, 205 

15 d, and 17 d of fermentation (a total of 90 vinegar Pei samples), respectively. All the 206 



operational procedures, including DNA extraction, amplification, library construction, 207 

sequencing, and data analysis, were performed by Biomarker Technologies Co. 208 

(Beijing, China). To determine the bacterial community, the bacterial 16S rDNA 209 

genes were amplified using the 27F (5′-AGRGTTYGATYMTGGCTCAG-3′) forward 210 

primer and the 1492R (5′-RGYTACCTTGTTACGACTT-3′) reverse primer (Wang et 211 

al., 2021). To ascertain the fungal community, the ITS region was amplified using the 212 

ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3') and ITS4 (5’-213 

TCCTCCGCTTATTGATATG-C-3') primers (Shi et al., 2021). The reads were 214 

clustered into operational taxonomic units (OTUs) at 97% similarity using Usearch 215 

(version 10.0, www.drive5.com/uclust/). The alpha-diversity and beta-diversity were 216 

determined using BMKCloud (www.biocloud.net). 217 

2.7 Statistical analysis  218 

Kruskal-Wallis one-way analysis of variance by ranks and one-way analysis of 219 

variance with posthoc comparisons (Bonferroni tests) were conducted in IBM SPSS 220 

v21.0 (IBM, Armonk, NY, USA). The mycotoxin distribution in the fermentation 221 

basin was visualized using MATLAB R2017a (MathWorks, Natick, Massachusetts, 222 

USA).  223 

3 Results and discussion 224 

3.1 The spatial-temporal mycotoxin distribution during AAF vinegar processing 225 

3.1.1 The mycotoxin content in the raw materials 226 

DON, AFB1, and ZEN represent the most prevalent mycotoxins in solid-state 227 

http://www.biocloud.net/


fermentation substrates such as cereal chaff (Streit et al., 2013; Yu et al., 2019). In 228 

addition, Maiqu, the main enzyme donor during traditional vinegar fermentation, 229 

presents a mycotoxin contamination risk due to the aflatoxins and OTA in Daqu, a 230 

Baijiu fermentation starter (Zhang, et al., 2021). The main ingredient of Daqu is raw 231 

wheat, supplemented by a percentage of barley and peas, while Maiqu is produced via 232 

wheat crushing, water addition, mixing, pressing, forming, and cultivation at a certain 233 

temperature and humidity (Du et al., 2022).  234 

As shown in Table S1, DON, AFB1, and ZEN were identified in the raw 235 

materials used to produce the vinegar. The DON and ZEN levels in the wheat bran 236 

were higher than in the rice husk and Maiqu. Contrarily, the Maiqu presented the 237 

highest AFB1 content compared with the wheat bran and rice husk. However, the 238 

levels of the three mycotoxins in the final vinegar products were significantly lower 239 

than in the vinegar Pei and considerably lower than the maximum levels for 240 

mycotoxins in food (GB2761-2017, 2017). This may be attributed to dilution during 241 

the vinegar drenching process, where the vinegar Pei was rinsed with water after 242 

AAF. 243 

3.1.2 The spatial-temporal DON distribution during AAF 244 

The DON level in the sampling region during different solid-fermentation days is 245 

shown in Fig. 2A. During the middle and final AAF stages (7 d to 17 d), the DON 246 

content was significantly lower than in the early stage (1 d and 5 d). Moreover, the 247 

DON content showed distinct fluctuation during the early and middle stages, initially 248 



decreasing from 490.51 ± 128.81 μg/kg at 1 d to 397.77 ± 64.26 μg/kg at 3 d (P = 249 

0.017), followed by an increase to 454.15 ± 73.22 μg/kg (P = 0.013) at 5 d, and a 250 

significant decline to 373.46 ± 34.65 μg/kg (P < 0.001) at 7 d, where it remained 251 

constant until the end of fermentation. The significant DON content increase at 5 d 252 

may be attributed to the specific traditional process involving a second addition of 253 

wheat bran to the vinegar Pei. Furthermore, the DON distribution in each sampling 254 

plane showed that the high value (DON content > 700 μg/kg) areas were primarily 255 

limited to 1 d and 5 d, exhibiting relatively uniform dispersion on most planes during 256 

the 7 d to 17 d period (Fig. 2B). 257 

The DON levels of the different sampling planes were compared to examine 258 

spatial distribution characteristics in the fermentation basin. In the x-axis direction, 259 

the heterogeneous DON content distribution was largely evident between 11 d and 15 260 

d, with low levels on plane a1 on some days during the AAF process (plane a1 versus 261 

plane a2 P = 0.001 and a4 P = 0.001 at 11 d, plane a1 versus plane a4 P = 0.031 at 13 d, 262 

and plane a1 versus plane a2 P = 0.012 at 15 d (Fig. 2C)). As shown in Fig. 2D, 263 

significant differences were observed between the DON levels on the different planes 264 

in the y-axis direction throughout AAF. The DON content was significantly lower on 265 

plane c1 than on planes c2 and c3 in the z-axis direction from 3 d to 5 d (plane c1 266 

versus plane c2 P = 0.003 and plane c3 P = 0.0002 at 3 d, while plane c1 versus plane 267 

c2 P = 0.009 and plane c3 P = 0.001 at 5 d (Fig. 2E)). 268 

3.1.3 The spatial-temporal AFB1 distribution during AAF  269 



The AFB1 content of the sample points distributed in the vinegar Pei sampling 270 

region on different fermentation days is shown in Fig. 3A. The AFB1 content was 271 

lower in the early fermentation stage than during the middle and final stages. From 1 272 

d to 7 d, the AFB1 content increased significantly from 0.24 ± 0.06 μg/kg to 0.48 ± 273 

0.09 μg/kg (P < 0.001). Although no obvious differences were evident between the 274 

AFB1 levels on the different fermentation days during the middle and final AAF 275 

stages, considerable spatial heterogeneity was observed on some planes, such as plane 276 

c3 at 7 d and 17 d (Fig. 3B).  277 

Furthermore, the spatial AFB1 heterogeneity was largely limited to the cross-278 

sectional planes between 3 d and 11 d (Fig. 3C). A high AFB1 level was detected on 279 

plane a3, especially at 9 d (plane a3 versus plane a1 P < 0.001, plane a2 P < 0.001, and 280 

plane a4 P = 0.049) and 11 d (plane a3 versus plane a1 P = 0.009, plane a2 P = 0.012, 281 

and plane a4 P = 0.038). No significant AFB1 content differences were evident 282 

between the different planes in the y-axis and z-axis directions on most fermentation 283 

days (Fig. 3D and Fig. 3E). 284 

3.1.4 The space-time ZEN distribution during AAF 285 

Fig. 4A shows the ZEN levels at the sample points distributed in the sampling 286 

region of the vinegar Pei on different fermentation days, which were significantly 287 

lower during the early and middle fermentation stages than in the final stage (n = 36 288 

in the vinegar Pei samples throughout fermentation). In addition, the ZEN content 289 

changed significantly between 7 d and 11 d, increasing substantially from 25.48 ± 290 



4.87 μg/kg to 36.67 ± 7.57 μg/kg (P < 0.001), followed by a considerable rise to 46.27 291 

± 6.28 μg/kg (P < 0.001). Although no significant differences were apparent between 292 

the ZEN levels during the 11 d to 17 d period, the spatial ZEN distribution map of 293 

each plane showed strong spatial heterogeneity (Fig. 4B).   294 

Moreover, the ZEN exhibited similar distribution characteristics to AFB1 in the 295 

fermentation basin. The significant differences between the ZEN levels on the 296 

different planes were largely limited to the cross-sectional planes during the final 297 

stage of fermentation (9 d, 13 d, and 15 d (Fig. 4C)) and were negligible in the y-axis 298 

and z-axis directions on most fermentation days (Fig. 4D and Fig. 4E).  299 

3.1.5 A comparison between the DON, AFB1, and ZEN distribution characteristics 300 

The AAF process significantly affected the content and distribution of the three 301 

mycotoxins in the vinegar Pei, with the DON variation trend completely distinct from 302 

AFB1 and ZEN. The average DON level exhibited a 17.17% decrease at the end of 303 

AAF compared with the first day, while the average AFB1 and ZEN content increased 304 

considerably to 141.67% and 113.64%, respectively. 305 

In addition, the significant AFB1 and ZEN content variation was largely limited 306 

to the cross-sectional sampling planes, while DON was heterogeneously distributed 307 

on the cross-sectional, horizontal, and vertical sampling planes during AAF. 308 

Therefore, DON, AFB1, and ZEN showed different spatial distribution patterns in the 309 

AAF basin.  310 

3.2 The physicochemical parameter changes in the vinegar Pei during AAF and their 311 



impact on the mycotoxins  312 

The moisture content showed a narrow fluctuation range from 66.53% to 69.91% 313 

(Table S2). The moisture gradually rose due to gravity as the vinegar Pei depth 314 

increased in the y-axis direction. The moisture level in the shallow vinegar Pei layer 315 

(plane b1) ranged from 60.55-65.97% throughout the AAF process while remaining at 316 

about 67% in the middle layer (plane b2) and varying between 72.72% and 77.05% in 317 

the deep layer (plane b3). In addition, no significant differences were observed 318 

between the moisture levels in the x-axis and z-axis directions.  319 

The pH changes in the vinegar Pei during the AAF process were consistent with 320 

a previous report by Duan, et al. (2019). During the 1 d to 9 d period, the pH value of 321 

the vinegar Pei was down-regulated from 4.86 ± 0.39 to 3.61 ± 0.03 and remained 322 

constant at around 3.60 until 13 d, after which it increased to 3.65 ± 0.02 at the end of 323 

AAF (Table S2). Moreover, heterogeneous pH distribution was observed in different 324 

directions during most of the AAF process.   325 

The impact of the physicochemical parameters on the mycotoxins was analyzed. 326 

The pH value was negatively correlated with the AFB1 (r = −0.752, P < 0.001) and 327 

ZEN content (r = −0.558, P < 0.001) and positively associated with the DON level (r 328 

= 0.409, P < 0.001). In contrast, the influence of the moisture content on the 329 

mycotoxins was negligible. 330 

3.3 The microbial community compositions in the vinegar Pei during AAF  331 

The vinegar Pei samples from the 10 sampling sites (sites 1-5 represented 332 



sampling points 2, 4, 5, 6, and 8 on plane a1, and sites 6-10 denoted sampling points 2, 333 

4, 5, 6, and 8 on a4 (Fig. 1)) and the raw fermentation materials were investigated via 334 

amplicon sequencing analysis. A total of 60 OTUs were scattered in 42 genera in the 335 

collected samples throughout the AAF process. The dominant OTUs with an average 336 

relative abundance exceeding 5% were assigned to Lactobacillus helveticus and 337 

Lactobacillus acetotolerans (annotated as OTU1 and OTU2), Acetilactobacillus 338 

jinshanensis (OTU3), and Acetobacter pasteurianus (OTU4), which accounted for 339 

62.64-99.96% of the total abundance during the AAF process. Principal co-ordinates 340 

analysis (PCoA) (Fig. 5A) showed that the bacterial communities during AAF were 341 

further divided into three groups, which was consistent with the three AAF processing 342 

stages. The bacterial community succession during fermentation was generally 343 

consistent with previous reports (Wang, et al., 2016).  344 

OTU1 and OTU2 dominated during the early AAF stage (1 d to 5 d) (Fig. 5B) 345 

since Lactobacillus was tolerant to ethanol, which was introduced via the fermented 346 

rice mash. As shown in Fig. S4 and Fig. S5, the bacterial communities in the vinegar 347 

Pei at 1 d exhibited the highest diversity during AAF. In addition to OTU1, bacterial 348 

OTU5 (Cenchrus americanus) was mainly produced by the wheat bran, while OTU7 349 

(Rhizobium Larrymoorei ATCC 51759) was derived from the rice husk and OTU3 350 

from the vinegar seeds.  351 

During the mid-stage of AAF (at 7 d), OTU2 and OTU3 were the dominant 352 

bacteria, while the relative abundance of OTU1 and OTU2 were downregulated. 353 



Contrarily, the relative abundance of OTU3 and OTU4 increased markedly from 7 d 354 

due to their tolerance to acetic acid, which also dominated during the 9 d to 17 d 355 

period of AAF.  356 

The fungal community composition in the vinegar Pei throughout the AAF 357 

process could be further divided into two stages based on PCoA (Fig. 5C). OTU1 358 

(Alternaria destruens) and OTU3 (Fusarium aethiopicum) were the dominant fungi 359 

during the 1 d to 5 d period, with a maximal relative abundance of 55.47% and 360 

25.88%, respectively, followed by a gradual decline (Fig. 5D). The fungal community 361 

in the vinegar Pei at 1 d was mainly composed of OTU1, OTU3, and other fungal 362 

OTUs with a relative abundance below 5%. OTU1 was produced primarily by the 363 

wheat bran, while OTU3 was derived from the wheat bran and vinegar seeds. Other 364 

OTUs, such as OTU11 (unclassified Fungi) and OTU22 (Aspergillus penicillioides), 365 

were derived from the rice husk and Maiqu.  366 

Furthermore, between 7 d and 11 d, Aspergillus heterocaryoticus (OTU2) 367 

gradually became the dominant fungi, while the other abundant fungal OTUs were 368 

represented by Brettanomyces bruxellensis (OTU7) with an average relative 369 

abundance of around 12.60%. In addition, OTU2 and OTU5 (Rasamsonia 370 

composticola) dominated during the 13 d to 17 d period, with a relative abundance 371 

ranging from 32.68-45.53% and 24.72-27.15%, respectively.  372 

However, the microbial community composition variation in the fermentation 373 

basin was analyzed via unweighted pair-group analysis (UPGMA). As depicted in 374 



Fig. 6, the bacterial and fungal communities in the vinegar Pei collected on different 375 

fermentation days were grouped into 2-4 major clusters. Moreover, the microbial 376 

community compositions across the adjacent sampling area were distinct, and the 377 

composition in each cluster displayed successive variations with the progression of 378 

AAF. This suggests that the characteristics of the microbial community compositions 379 

in the fermentation basin correspond with the solid-state, stratified ZAV fermentation.  380 

3.4 The correlation between the mycotoxins and microorganisms during the AAF 381 

process 382 

Several studies have demonstrated that food processing (milling, roasting, and 383 

fermentation) affects the mycotoxin content in the final cereal-based products (Milani 384 

and Maleki, 2014; Khaneghah, et al., 2018). Therefore, increasing attention has been 385 

directed toward the potential impact of indigenous microbial communities on 386 

mycotoxins during the fermentation process (Adácsi, et al., 2022; Yang, et al., 2018). 387 

RDA (Fig. 5E) and CCA (Fig.5G) analysis revealed mycotoxin and bacterial 388 

correlations, especially regarding the abundant taxa (average relative abundance > 389 

10% in at least one stage of AAF). Lactobacillus helveticus (OTU1) presented a 390 

positive correlation with the DON content (r = 0.279, P = 0.007) based on the 391 

Spearman correlation coefficients, while it was negatively correlated with AFB1 and 392 

ZEN (r = −0.697, P < 0.0001 for AFB1; r = −0.766, P < 0.0001 for ZEN (Fig. 5F)). 393 

Lactobacillus acetotolerans (OTU2) was negatively associated with the ZEN content 394 

(r = −0.359, P = 0.0005). Acetobacter pasteurianus (OTU4) showed a significantly 395 



negative correlation with the DON content (r = −0.238, P = 0.024), while it was 396 

positively associated with AFB1 (r = 0.512, P < 0.0001) and ZEN (r = 0.743, P < 397 

0.0001). Besides, positive correlations were evident between Acetilactobacillus 398 

jinshanensis (OTU3) and AFB1 (r = 0.632, P < 0.0001) and ZEN (r = 0.478, P < 399 

0.0001). Although previous studies have indicated that AFB1 and ZEN can be 400 

degraded by Acetobacter and Lactobacillus (e.g., Lactobacillus helveticus) (Byun and 401 

Yoon, 2003; Huang, et al., 2018), minimal research is available regarding the effect of 402 

Acetilactobacillus on mycotoxin level.  403 

Regarding the relationship between the fungal community and the three 404 

mycotoxins, Aspergillus heterocaryoticus (OTU2) and Rasamsonia composticola 405 

(OTU5) displayed significant positive correlations with AFB1 (r = 0.561, P < 0.0001; 406 

r = 0.439, P < 0.0001, respectively) and ZEN (r = 0.560, P < 0.0001; r = 0.653, P < 407 

0.0001, respectively) (Fig. 5F), while Alternaria destruens (OTU1) and Fusarium 408 

aethiopicum (OTU3) were negatively correlated with AFB1 (r = −0.579, P < 0.0001; r 409 

= −0.652, P < 0.0001, respectively) and ZEN (r = −0.738, P < 0.0001; r = −0.764, P < 410 

0.0001, respectively). Although previous studies confirmed that ZEN and DON were 411 

produced by Fusarium (e.g., Fusarium graminearum) (Dogi, et al., 2013; Hassan and 412 

Bullerman, 2008), literature regarding the impact of Alternaria destruens and 413 

Fusarium aethiopicum on mycotoxins remain insufficient. Therefore, the impact of 414 

specific bacterial and fungi species from vinegar Pei on mycotoxins needs additional 415 

evaluation. 416 



4 Conclusions 417 

This study investigates the spatial-temporal mycotoxin distribution in a solid-418 

state fermentation basin during traditional vinegar processing and its potential 419 

correlation with microorganisms. The average DON content fluctuates from 1 d to 7 420 

d, while the average AFB1 and ZEN levels increase significantly during the 5 d to 7 d 421 

and 7 d to 11 d fermentation periods, respectively. The DON, AFB1, and ZEN levels 422 

remain stable between 11 d and 17 d. However, the significant AFB1 and ZEN content 423 

differences are largely limited to the cross-sectional planes in the fermentation basin, 424 

while DON is heterogeneously distributed on the cross-sectional, horizontal, and 425 

vertical planes throughout the AAF process. Based on the Spearman correlation 426 

coefficients, associations are identified between the predominant microbial 427 

populations and the mycotoxins, indicating the presence of some microorganisms 428 

with mycotoxin elimination capabilities. The results of this study bridge the gap 429 

between the spatial-temporal mycotoxin distribution and traditional Chinese vinegar 430 

production to improve the manufacturing process and establish an early warning 431 

system.  432 

However, the complicated impact of microorganisms on the mycotoxins in 433 

vinegar Pei and the potential interaction mechanism requires further exploration. 434 

Furthermore, the reason for the lower levels of the three mycotoxins in the final 435 

vinegar products as compared to vinegar Pei needs additional assessment.  436 

 437 
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Fig. 1. The collection method of vinegar Pei in fermentation basin space. (A) The a1, 

a2, a3 and a4 are cross-sectional sampling planes divided in the x-axis direction, and 

there were 9 sampling points on each cross-sectional sampling plane. (B) The b1, b2, 

and b3 are the horizontal sampling planes divided in the y-axis direction, and there were 

12 sampling points on each horizontal sampling planes. (C) The c1, c2 and c3 are the 

vertical sampling planes divided in the z-axis direction, and there were 12 sampling 

points on each vertical sampling planes.   
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Fig. 2. The level and distribution of DON content in sampling region of the vinegar Pei. 

(A) The level of DON content in the sampling region during different solid-

fermentation days (n = 36 in the vinegar Pei samples throughout the AAF process). (B) 

The DON distribution maps of fermentation basin surface and internal planes. The level 

and distribution of DON content on (C) cross-sectional planes, (D) horizontal plane and 

(E) vertical plane. In the violin plot, the black dot represents the middle; the white box 

edge showed the 25th and 75th percentiles and the whiskers extends to 1.5× the 

interquartile range. For A statistical analysis, Kruskal-Wallis one-way analysis of 

variance by ranks. For C-D statistical analysis, one-way analysis of variance with 

posthoc comparisons (Bonferroni tests).   



Fig. 3. The level and distribution of AFB1 content in sampling region of the vinegar Pei. 

(A) The level of AFB1 content in the sampling region during different solid-

fermentation days (n = 36 in the vinegar Pei samples throughout the AAF process). (B) 

The AFB1 distribution maps of fermentation basin surface and internal planes. The level 

and distribution of AFB1 content on (C) cross-sectional planes, (D) horizontal plane 

and (E) vertical plane. In the violin plot, the black dot represents the middle; the white 

box edge showed the 25th and 75th percentiles and the whiskers extends to 1.5× the 

interquartile range. For A statistical analysis, Kruskal-Wallis one-way analysis of 

variance by ranks. For C-D statistical analysis, one-way analysis of variance with 

posthoc comparisons (Bonferroni tests).   



Fig. 4. The level and distribution of ZEN content in sampling region of the vinegar Pei. 

(A) The level of ZEN content in the sampling region during different solid-fermentation 

days (n = 36 in the vinegar Pei samples throughout the AAF process). (B) The ZEN 

distribution maps of fermentation basin surface and internal planes. The level and 

distribution of ZEN content on (C) cross-sectional planes, (D) horizontal plane and (E) 

vertical plane. In the violin plot, the black dot represents the middle; the white box edge 

showed the 25th and 75th percentiles and the whiskers extends to 1.5× the interquartile 

range. For A statistical analysis, Kruskal-Wallis one-way analysis of variance by ranks. 

For C-D statistical analysis, one-way analysis of variance with posthoc comparisons 

(Bonferroni tests).   



Fig. 5. Alternating patterns and correlation analysis of microbial communities during 

AAF. Principal coordinate analysis (PCoA) of the (A) bacterial and (C) fungal 

communities based on weighted Unifrac distances. Distribution of (B) bacterial and (D) 

fungal communities at the OTU level during the fermentation process. The OTUs with 

average relative abundance > 1%. (E) Correlation analysis by Redundancy analysis 

(RDA) between bacterial OTUs and mycotoxins during fermentation. (F) Spearman 

correlation coefficients of bacteria and fungi. *, P < 0.05; **, P < 0.01; ***, P < 0.001 

(G) Correlation analysis by Canonical correspondence analysis (CCA) between fungal 

OTUs and mycotoxins during fermentation.



Fig. 6. Unweighted pair-group analysis (UPGMA) based on UniFrac distance for 

bacterial (A-I) and fungal (J-R) communities in 1 d, 3 d, 5 d, 7 d, 9 d, 11 d, 13 d, 15 d, 

and 17 d. Site 1-5 were sampling point 2, 4, 5, 6 and 8 on plane a1 and site 6-10 were 

sampling point 2, 4, 5, 6 and 8 on a4. 
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