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Abstract 24 

Hong Qu glutinous rice wine (HQ wine) is a traditional alcoholic beverage produced in China by 25 

fermenting cooked rice using a fermentation starter prepared with the fungus Monascus purpureus. 26 

This starter (Hong Qu, HQ) is made empirically by open spontaneous fermentation that is hard to 27 

control and standardize, resulting in inconsistent wine quality. This study investigates representative 28 

HQ samples from a large geographic region. It explores fungal microbiome compositions, identifies 29 

characteristic differences important for the production of various HQ wine styles, and reveals the key 30 

fungi responsible for HQ wine fermentation characteristics. The source of the HQ inoculum was found 31 

to be the main factor influencing fungal community composition and diversity, followed by processing 32 

technology and geographical distribution. Linear discriminant analysis effect size (LEfSe) uncovered 33 

14 genera as potential biomarkers to distinguish regional varieties of HQ. Significant differences were 34 

also found in fermentation characteristics such as liquefying power (LP), saccharifying power (SP), 35 

fermenting power (FP), total acid content (TA) and liquor-producing power (LPP). The key fungi 36 

responsible for LP (5 genera), SP (3 genera), FP (1 genera), LPP (4 genera), and TA (4 genera) were 37 

determined using redundancy correlation analysis. Finally, Spearman’s correlation analysis indicated 38 

that LPP shows a strong positive correlation with FP and LP, while TA displays a strong negative 39 

correlation with FP. The results of this study may be utilized to prepare consistently high quality, 40 

next-generation HQ by better controlling fungal community structures, and to design fermentation 41 

processes for HQ wines with desirable oenological characteristics. 42 

43 
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1. Introduction 44 

Hong Qu glutinous rice wine (HQ wine) is under consideration for a protected geographical status 45 

under Chinese law, and its brewing technology is an intangible cultural heritage of Fujian Province. 46 

This beverage style has been continuously produced in Fujian for more than 5,000 years, and has 47 

gained international popularity (Okuda et al., 2019). In contrast to other conventional yellow rice wines, 48 

HQ wine has a unique bright reddish-brown color, a distinctive flavor, and multiple putative health 49 

benefits due to the use of Hong Qu (HQ) as the fermentation starter (Lu et al., 2015). However, most 50 

HQ is made by traditional methods based on empirical knowledge, using naturally occurring 51 

microorganisms maintained on rice as the medium. HQ is typically prepared in an open environment 52 

instead of controlled and sterile conditions (Tian et al., 2016). The key factors that determine the 53 

microbial community and diversity in HQ are the microbial inoculum, the processing technologies, the 54 

production environment (including people and tools), and the climate conditions. These factors show 55 

idiosyncratic differences amongst various geographical locations and different regions (Zhang et al., 56 

2015). 57 

HQ provides the microbiota that transforms rice starch into wine during a simultaneous 58 

saccharification/liquefaction and alcoholic fermentation process. Fungi are more important contributors 59 

to this process than bacteria, determining HQ wine productivity, quality and organoleptic properties 60 

(Liu et al., 2020). Among fungi, the filamentous fungi of Aspergillus and Monascus play extremely 61 

important roles by excreting various hydrolytic enzymes in large amounts and producing beneficial 62 

metabolites. The major enzymes (including amylases, glucoamylases, proteases, lipases, and xylanases) 63 

hydrolyze macromolecules such as starch, proteins and lipids into dextrin, maltose, glucose, small 64 

peptides and fatty acids. These are then utilized by yeasts and other microorganisms for their growth 65 

(Lv et al., 2015a). In particular, yeasts use the sugars to produce alcohol and carbon dioxide, 66 

determining wine fermentation speed, and contributing to its flavor and quality. Amongst yeasts, 67 

Saccharomyces spp. govern the ethanol production potential of the HQ starter, while 68 

non-Saccharomyces yeasts influence sensory properties such as flavor, aroma, and mouthfeel (Liang et 69 

al., 2020a).  70 

The fungal community of HQ is an important factor affecting the fermentation characteristics of 71 

HQ wines (Xiong, et al., 2012). These characteristics include the liquefying power (LP), the 72 

saccharifying power (SP), and the fermenting power (FP) of HQ, and the total acid content (TA) and 73 
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liquor-producing power (LPP) of the HQ wine. LP refers to the ability of HQ to transform starch from 74 

a semi-solid state to a liquid state; SP describes its potency to convert starch into glucose; and FP 75 

indicates its effectiveness to convert glucose into alcohol, respectively. TA and LPP are the main 76 

indices of HQ wine. It is difficult to confirm which fungi are primarily responsible for these 77 

fermentation characteristics (Lv, et al., 2015a). Thus, mapping the regional differences in HQ 78 

microbiome compositions associated with their fermentation characteristics will be instrumental to 79 

control microbial communities in next-generation HQ for improving the consistency, quality and flavor 80 

of HQ wine. 81 

As shown in Fig. 1, there are two distinctive HQ starter styles, known as Gutian Hong Qu (GHQ) 82 

and Wuyi Hong Qu (WHQ, Liu et al., 2020). GHQ is bright red in color, and it is produced by 83 

inoculation with Qu Mu (a mixed culture where Monascus spp., mainly M. ruber, M. pilosus, and M. 84 

purpureus) (Park et al., 2016). In contrast, WHQ shows a distinctive rice grain coloration of a black 85 

outer layer and a red internal mass, as a result of a more complex and diversified fungal community. 86 

The WHQ microbiome is derived from a mixed inoculation with Qu Mu and Qu Qing (a mixed culture 87 

that mainly consists of Aspergillus niger). HQ wine brewed with WHQ is characterized by a higher 88 

content of total phenols and non-sugar solids, compared to those wines prepared with GHQ. This 89 

difference is related to the different secondary metabolomes and the strong liquefying and 90 

saccharifying powers resulting from the higher variety of the enzymes that the rich microbial 91 

community of WHQ produces. GHQ manufacture is now semi-automated in closed, controlled 92 

environments and drying rooms. Several previous studies reported the microbial community of GHQ 93 

and its influence on the HQ wine brewing process and volatile compounds dynamics (Liu et al., 2018, 94 

2020; Lv et al., 2017). In contrast, WHQ is still produced by traditional technologies with largely 95 

manual labor, and involves open spontaneous fermentation in natural environments such as earth kilns 96 

or ground surface. WHQ manufacture relies on a domesticated but complex and dynamic microbial 97 

community, continuously maintained for hundreds if not thousands of years. This microbial ecosystem 98 

has been influenced by local, micro- and macroenvironmental factors such as local practices and 99 

climate, not unlike the concept of terroir in winemaking. In spite of the expected differences and 100 

variability, there are only a few reports analyzing WHQ fungal communities, and these studies are 101 

limited to a single city as the origin of the starter (Huang et al., 2018a; 2018b; Lv et al., 2015a; Park et 102 

al. 2016). There has been some research focused on correlations between HQ wine fermentation quality 103 



 

5 
 

and microbial communities of wine starters (Cai, et al., 2018; Huang, et al., 2018b; Liang, et al., 2020c). 104 

However, a correlation analysis between HQ fungal community diversity and geographical distribution, 105 

and HQ fungal community diversity and fermentation characteristics has not been conducted yet. The 106 

current study uses Illumina MiSeq high-throughput sequencing technologies (HTS) to analyze the 107 

fungal community compositions and diversities of several representative WHQ varieties collected from 108 

various geographical regions in Fujian Province, and provides a comprehensive census of the 109 

predominant, core, unique and characteristic fungi of the microbiota of these traditional fermentation 110 

starters. In addition, potential correlations between the abundances of various fungi and fermentation 111 

characteristics were uncovered through redundancy correlation analysis. The results highlight the key 112 

fungi responsible for the fermentation characteristics and contribute to our understanding of the 113 

intrinsic factors that determine HQ characteristics and performance during traditional glutinous rice 114 

wine production.  115 

116 
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2. Materials and methods 117 

2.1. Wuyi Hong Qu collection 118 

Thirteen representative WHQ starters were sampled in triplicates from traditional HQ wine 119 

brewing companies from different geographical regions of Fujian Province, South China. Each of these 120 

wineries have been in continuous operation for more than 30 years, and are located in five major cities 121 

(six locations in Quanzhou, one in Longyan, and two locations each in Sanming, Ningde and Nanping; 122 

Supplementary Table S1). Samples were transported to the laboratory immediately after collection in 123 

sterile sealed containers, and stored at -40℃ for DNA extraction. 124 

2.2. Total DNA extraction and PCR amplification 125 

Total genomic DNA was extracted directly from frozen, ground WHQ samples (three samples 126 

from each company), using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek Inc.) following the 127 

manufacturer’s standard protocol. The extracted total genomic DNA was quantified using a NanoDrop 128 

2000 spectrophotometer (Thermo Fisher Scientific, Inc.) and its quality was verified by agarose gel 129 

electrophoresis. The ITS region of the fungal rRNA gene was amplified using the primers ITS1F 130 

(5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5’-TGCGTTCTTCATCGATGC-3’), with the 131 

5’ ends of the primers tagged with specific barcodes. DNA samples were PCR amplified in triplicates, 132 

each in 25 μL total volume (including 1 μL of each primer [5 µM], 3 μL of BSA [2 ng/μL], 12.5 μL of 133 

2x Taq PCR Master Mix [Bio-Rad], and 30 ng of sample DNA). PCR thermal cycling included an 134 

initial denaturation step at 95°C for 5 min; 32 cycles of 95°C for 45 sec, 55°C for 50 sec, and 72°C for 135 

45 sec; and a final extension step at 72°C for 10 min. PCR products were purified with the AxyPrep 136 

DNA Gel Extraction kit (Axygen).  137 

2.3. Illumina MiSeq sequencing and analysis 138 

DNA amplicons were sequenced on an Illumina MiSeq sequencer platform using 2x300 139 

paired-end sequencing (Allwegene). Raw reads were quality-filtered and merged by removing the 140 

barcode and the primer sequences to generate paired-end reads using FLASH (Magoc and Salzberg, 141 

2011). Clean tags were obtained by removing chimeras and low-quality segments with USEARCH 142 

v.10.0.240. After removing non-fungal reads, all fungal sequences were clustered into operational 143 

taxonomic units (OTUs) without singletons (OTUs containing a single read across all samples) at a 144 

threshold of 97% sequence identity using UCLUST v.1.2.22 (Edgar, 2013). The taxonomic diversity of 145 

fungal communities (phylum, class, order, family and genus level) in the 13 samples were annotated 146 
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with the RDP classifier (Ribosomal Database Project, http://sourceforge.net/projects/rdp-classifier/, 147 

Cole et al., 2014). Representative sequence tags for each OTU, assigned to taxonomic categories with a 148 

97% confidence threshold, were used for comparative analysis with the UNITE ITS fungal database 149 

(Release 7.2, http://unite.ut.ee/index.php; Urmas et al., 2013). Taxon names were checked for validity 150 

in MycoBank (http://www.mycobank.org/quicksearch.aspx, accessed in June 2020). 151 

2.4. Fermentation and fermentation characteristics analysis 152 

2.4.1. HQ wine fermentation: Glutinous rice (2.0 kg) was washed and soaked under water for 4 to 153 

8 h at room temperature, cooked and steamed for 30 min at 100°C, then cooled to room temperature. 154 

The steamed rice was mixed evenly with 100.0 g of traditional fermentation starters (Supplementary 155 

Table S1) and transferred to a 5 kg pottery cylinder jar (pre-sterilized by steaming for 30 min, and 156 

cooled with eight layers of gauze as the seal before use) filled with sterilized water to 2 L of total 157 

volume. The jar was sealed with two layers of gauze and the wine fermentation proceeded at 25 ± 2℃ 158 

for 30 days with regular stirring and ventilating. The liquor was aseptically collected by squeezing and 159 

filtering, and centrifuged to obtain the clear supernatant for total acid and alcohol content determination. 160 

Each HQ wine was fermented using aliquots of the same starter in three independent experiments.2.4.2. 161 

Liquefying power (LP, U/g) was determined following the Chinese National Standard GB8275-2009, 162 

with three biological replicates. One enzyme activity unit (U) is defined as the amount of enzyme that 163 

hydrolyzes 1 mg of starch in 1 h at 40°C when using the amylase (AMS) test kit (NanJing JianCheng 164 

Bioengineering, China). 165 

2.4.3. Saccharifying power (SP, U/g) was determined following the Chinese National Standard GB 166 

8276-2006, with three biological replicates. One enzyme activity unit (U) is defined as the quantity of 167 

enzyme that liberates 1 mg of glucose in 1 h under assay conditions. 2.4.4. Fermenting power (FP, %) 168 

was determined as the change in the mass of the wine from day 0 (W0d) to day 3 of the fermentation 169 

(W3d). FP was calculated as follows: 170 

FP (%) = (W0d -W3d)/W0d×100.   (1) 171 

The higher the FP, the stronger the ability of HQ to initiate fermentation. 172 

2.4.5. Liquor-producing power (LPP, %) was defined as the ability of HQ to convert 1 unit weight of 173 

rice into the weight of alcohol (15% v/v, 20°C). It is calculated from the weight of the base wine 174 

collected after squeezing the liquor (Wbase) according to the formula: 175 

LPP (%) = (Wbase/W2kg rice) × (alcohol/15%) ×100.   (2) 176 

http://unite.ut.ee/index.php
http://www.mycobank.org/quicksearch.aspx
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2.4.6. Total acid content (titratable acidity, TA) was measured via titration with 0.05 M NaOH to an 177 

endpoint of pH 8.2 (Liang, et al., 2020b). 178 

2.5. Biostatistical analysis 179 

Based on the OTU cluster information, rarefaction curves, Shannon-Wiener curves, and alpha diversity 180 

indices including Chao1 (community richness), Good’s Coverage (sequencing depth), observed species 181 

(observed OTU number), and Shannon’s diversity (community diversity) were calculated with the 182 

MOTHUR program (v.1.34.0) (Amato et al., 2013). Beta diversity was analyzed for between-sample 183 

community dissimilarity by principal component analysis (PCA) using the Vegan package in R to 184 

compare the interrelationships and differences between microbial communities of the different samples. 185 

Heat map analysis of the 20 genera with the highest relative abundances in each group was conducted 186 

in the R environment with the Heatmap Package (version 3.1.1, R Core Team, 2014). Venn analysis of 187 

the common or unique OTUs in various groups used the Vegan Diagram package in R. Linear 188 

discriminant analysis (LDA) effect size (LEfSe) was performed using the Kruskal-Wallis test (P <0.05) 189 

with LDA threshold score >2.5 to detect biomarkers (Segata et al., 2011). The correlations between 190 

fungal communities and fermentation characteristics was investigated by redundancy analysis (RDA) 191 

using the Canoco 5.0 software. Spearman’s correlations between fermentation characteristics were 192 

calculated with the Heatmap Package (ver. 3.5.3, R Core Team, 2019). Results are expressed as the 193 

mean of three replicates ± standard deviation. Single-factor analyses of variance (ANOVA, using Excel, 194 

2013) and Duncan’s multiple range tests were used for comparisons (SPSS Statistics 19.0 and 195 

Statistical Analysis System, SAS, 9.1), with P <0.05 indicating significant differences between the 196 

alpha diversity indices or the relative abundance rates of the different samples. 197 

198 
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3. Results and discussion 199 

3.1. Alpha diversity analysis of the fungal community 200 

A total of 1,589,567 high-quality ITS reads were collected from 13 representative WHQ samples 201 

in triplicates (39 samples; 26,805 to 63,571 reads/sample). The ratio of the high quality reads (clean 202 

tags / raw tags) was >95% in all samples, indicating appropriate sequencing quality for microbial 203 

community analysis (Table 1). The high quality reads were then clustered into a total of 72 operational 204 

taxonomic units (OTUs) for all samples, ranging from 14 to 31 OTUs per WHQ sample. Both the 205 

rarefaction curves estimating the number of OTUs for each sample, and the Shannon-Wiener curve that 206 

estimates fungal population diversity reached saturation Supplementary Fig. S1), confirming that the 207 

size of the sampled sequencing dataset (sequencing depth) was sufficient to compare the species 208 

richness in all 13 regional WHQ samples analyzed in this study. The richness and diversity of the 209 

fungal communities in the WHQ samples were estimated by alpha diversity analysis with a 97% 210 

confidence threshold, including the Chao1 (community richness), the Good’s Coverage (sequencing 211 

depth), and the Shannon index (community diversity), together with the observed OTU number (Fig. 2, 212 

Supplementary Table S2). There was no significant difference found in the community richness of the 213 

WHQ samples as shown by the Chao1 estimator (P >0.05). Although the Chao1 index of sample CK2 214 

was higher than those of the others, this reflected a higher within-sample variation (Fig. 2A). Similarly, 215 

no significant differences were found in the Good’s Coverage indices of all samples (P >0.05). These 216 

indices were all higher than 99.97% (Supplementary Table S2) indicating that most fungal OTUs were 217 

detected, in agreement with the rarefaction curves (Supplementary Fig. 1A). 218 

Interestingly, the Shannon estimated community diversity values showed the most significant 219 

differences among the WHQ samples (P <0.001), with the numbers of observed species differing 220 

significantly (P <0.05, Fig. 2B & C). Thus, sample XQ2 (Jian’ou of Nanping) showed the highest alpha 221 

community diversity with a Shannon index of 1.34 ± 0.22, whereas samples SH4 and PH7 (Gutian of 222 

Ningde) exhibited the lowest diversity. In general, WHQ samples from South Fujian featured higher 223 

fungal community diversities (with their Shannon indices in the 0.51 to 0.99 range) than those from the 224 

North (with Shannon values from 0.32 to 0.47). 225 

3.2. Taxonomic composition of WHQ fungal communities 226 

Our results indicate a wide diversity in the fungal populations of the regional WHQ samples. The 227 

majority of the detected sequences could be attributed to fungi belonging to 3 phyla, 7 classes, 12 228 
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orders, 16 families, 25 genera, and 37 species. The proportion of unidentified fungal sequences 229 

increased with the taxonomical granularity, reaching 9.8% at the species level. In contrast, previous 230 

culture-dependent and culture-independent studies on HQ starters showed lower fungal community 231 

abundance and diversity, and higher percentages of unclassified OTUs. However, those studies 232 

considered WHQ samples only from a single city (Nanping), and employed small sample sizes (Lv et 233 

al., 2015a; Huang et al., 2018b). At the genus level (Fig. 3A and Supplementary Table S3), Aspergillus 234 

was the most dominant group, with a relative abundance exceeding 75% in all samples except sample 235 

XQ2 (Jian’ou of Nanping, 30.61%). Therefore, most of these HQ starters contained a high proportion 236 

of Qu Qing (the inoculum that is the source of Aspergillus spp.). Samples LJ3 and CK1 (Anxi of 237 

Quanzhou) were especially rich in Aspergillus spp. (97.69% and 97.37%, respectively). In contrast, the 238 

genus Monascus was dominant in sample XQ2 (Jian’ou of Nanping, 61.34%), and relatively abundant 239 

in the two samples from Quanzhou (YD1, Yongchun, 22.74%; and LJ2, Anxi, 16.95%), but much less 240 

abundant in the rest of samples (1.84% - 7.38%). The genus Trichoderma was detected with a 241 

relatively poor representation in most samples (<0.15%). It was absent from sample JS1 (Datian of 242 

Sanming), but present at a surprisingly high relative abundance in sample XQ2 (6.54%). The genus 243 

Cyberlindnera and Candida was detected at higher relative abundances in sample CK2 (2.25% and 244 

0.97%, respectively) compared to the rest of the samples (0% – 1.09% and 0% – 0.03%, respectively). 245 

Five additional genera (Guehomyces, Hannaella, Humicola, Mortierella, and Wardomyces) were only 246 

present in sample XQ2, while JS2 featured the genus Fusarium at a very low abundance (0.0025%). 247 

Saccharomycetes were present in every sample as expected, but with a widely different abundance 248 

(0.03% to 4.28%). 249 

There were 12 yeast genera identified in our WHQ samples, including Saccharomyces and 11 250 

non-Saccharomyces yeasts (Blastobotrys, Candida, Cyberlindnera, Debaryomyces, Kazachstania, 251 

Kluyveromyces, Kodamaea, Meyerozyma, Millerozyma, Pichia and Wickerhamomyces). These 252 

non-Saccharomyces yeasts have been described as important contributors to the sensory characteristics 253 

of HQ wine (Liu et al., 2020). In particular, we detected Millerozyma in our regional WHQ samples 254 

with abundances of 0% to 0.37%. In contrast, this genus had been found to be one of the most abundant 255 

fungi (5.67%) throughout HQ wine fermentations that used a GHQ starter from Fuzhou city (Liu et al., 256 

2020). Similarly, Cyberlindnera (present in our regional WHQ samples at 0.006% to 2.25%) was also 257 

detected during HQ wine fermentations (Liang et al., 2020b). Meyerozyma (0.02% to 0.36% in our 258 
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samples) was positively correlated with the bitter and umami flavors of HQ wine (Liang et al., 2020c). 259 

The dominant species in most regional WHQ samples were Aspergillus niger (75.12% – 94.97%) 260 

and Monascus purpureus (1.84% – 22.74%, Fig. 3B and Supplementary Table S3). The only exception 261 

was the fungal community in sample XQ2 (Jian’ou of Nanping), where the proportions of the same two 262 

dominant species were inverted (M. purpureus: 61.34%, A. niger: 30.21%). Thus, only the sample XQ2 263 

showed the same dominant species as the WHQ sample from Nanping described previously by Huang 264 

et al. (2018a; M. purpureus: 62.69%), indicating that this WHQ starter had been inoculated with a high 265 

proportion of Qu Mu (the source of M. purpureus). In this sense, the WHQ from Jian’ou of Nanping 266 

(XQ2) was similar to Gutian Hong Qu (GHQ), the other characteristic HQ starter style that is prepared 267 

exclusively with Qu Mu as the inoculum (Fig. 1). Additionally, since GHQ production has already been 268 

partially industrialized with a certain extent of control over temperature and moisture, GHQ fungal 269 

communities are more uniform and their composition is relatively simple with M. purpureus as the 270 

dominant species (Liu et al., 2018). In contrast, sample SH4 from Gutian of Ningde displayed not only 271 

the lowest diversity amongst all samples as shown by the lowest Shannon index, but also featured the 272 

highest proportion of Aspergillus spp., mostly A. niger. Therefore, differences in the manufacturing 273 

technologies that are employed at different locales largely determine the fungal community 274 

composition of WHQ.  275 

 Other species commonly observed in our samples were Aspergillus flavus (0.32% – 10.78%), 276 

Meyerozyma caribbica (0.02% – 0.36%), Cyberlindnera fabianii (0.01% – 2.25%), Candida tropicalis 277 

(0 – 0.94%), Millerozyma miso (0 – 0.37%), and Penicillium georgiense (0.002% – 0.15%). The 278 

relative abundances of the remaining 20 species were below 0.01% (Supplementary Table S3). S. 279 

cerevisiae and Candida spp. were also detected in this study in most WHQ samples. These fungi 280 

showed a high positive correlation with alcohol production capacity in HQ wine fermentations, but 281 

they had not been detected in earlier works by PCR – denaturing gradient gel electrophoresis (DGGE) 282 

fingerprints (Lv et al., 2012; Cai et al., 2018). 283 

In summary, the core microbiome of geographically distinct WHQ samples consist of four 284 

dominant fungi: Aspergillus niger, Monascus purpureus, Aspergillus flavus, and Meyerozyma 285 

caribbica (Fig. 4A). These species were detected in all samples, and accounted for more than 99.95% 286 

of the total sequences analyzed, and 91.96% to 99.85% of the total relative species abundance in 287 

samples. This result refines a previous study conducted by Lv et al. (2012) that identified M. purpureus 288 
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as the sole core species in WHQ. The source of the inoculum is expected to play the most important 289 

role in the fungal community composition of WHQ. This suggests that good wine brewing performance, 290 

and the desirable organoleptic properties of the resulting glutinous rice wine may be best guaranteed by 291 

exercising stringent quality control over the microbiome of WHQ. 292 

During HQ wine fermentations, the fungal communities undergo complex and dynamic changes. 293 

The dominant fungal communities of WHQ (Aspergillus, Monascus and Meyerozyma spp.) still prevail 294 

at the early stages of HQ wine fermentation and degrade the glutinous rice starch into glucose (Liang et 295 

al., 2020d). The increased availability of glucose allows S. cerevisiae to quickly overtake the culture 296 

(the abundance of this species exceeds 90% after 7 days of fermentation). As S. cerevisiae generates 297 

alcohol and lowers the pH, the growth of the filamentous fungi is further inhibited. By the end of the 298 

fermentation, the principal fungal species is S. cerevisiae with an abundance of higher than 99%, with 299 

filamentous fungi barely represented. The higher the abundance of S. cerevisiae in fermentation starters, 300 

the shorter the time for this species to dominate the fermentation. 301 

3.3. Comparison of the composition and distribution of fungal communities 302 

We calculated the Bate diversity index to investigate the overall similarities or differences in the 303 

fungal community compositions among the 13 regional WHQ samples, and created a hierarchically 304 

clustered heatmap based on the Bray-Curtis similarity index (Fig. 4B). This clustering revealed six 305 

groups for the 20 dominant, classified genera from the 13 WHQ fungal community profiles. Five of 306 

these (clusters B-F on Fig. 4B) belong to phylum Ascomycota. The remaining one (cluster A) contains 307 

the least abundant phyla (Mortierellomycota and Basidiomycota). One of the ascomycetous groups 308 

(cluster E) houses only Saccharomycetales, but other yeasts from the same order such as Pichia or 309 

Kodamaea clade separately in their own groups (clusters B and D, respectively). Cluster F contains A. 310 

flavus and M. purpureus, the fungi with the highest relative abundances. 311 

We used principal component biplot analysis (PCA) of OTU-level abundances to further reveal 312 

the overall variation of the fungal community profiles among WHQ from different geographical 313 

regions (Fig. 5A). The PCA plot shows that the triplicate samples collected from the same locations 314 

cluster closely, further verifying the reproducibility and reliability of the sequencing results. More 315 

importantly, the PCA scatter plot depicts three distinct groups where each group contains samples with 316 

similar principal fungal community compositions at the genus level (Fig. 5A). Group 1 contains 317 

samples CK1, CK2, YD3, JS2, and LJ3, which were all collected from South Fujian (Fig. 5B, 318 
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Supplementary Table S1). Group 2 includes samples from both the South (YD1, LJ2, XQ1 and JS1) 319 

and from the North (samples SH4, PH7, YS2). Finally, Group 3 is made up solely by sample XQ2 320 

(Jian’ou of Nanping) from the North. This sample was dramatically different from other samples, even 321 

from sample YS2 that was collected from a geographically close locale. Thus, the microbial 322 

community of sample XQ2 was made up mostly by Monascus (61.3%) and Aspergillus (30.6%, Fig. 323 

5C), while all other samples in Groups 1 and 2 were dominated by Aspergillus (76.5-97.7%, Fig. 5D). 324 

Considering these groupings, PCA analysis does not support geographical location as the primary 325 

determinant of WHQ fungal community composition. In contrast, overall fungal community diversity 326 

of WHQ is more closely correlated with the geographical distribution (Fig. 5B) as shown by low 327 

Shannon indexes from the North (from 0.32 to 0.47, except the outlier XQ2) compared to the higher 328 

values of this index for samples from the South (from 0.51 to 0.99). The lower diversity of WHQ 329 

microbiomes from North Fujian may be connected to the mountainous terrain of this region with a 330 

relatively cool and less humid climate. In contrast, the South is near the sea, with a warmer climate and 331 

higher humidity. 332 

We also investigated which OTUs are shared and which are unique for WHQ from the three 333 

groups identified by PCA analysis. There are 23 OTUs shared among all three groups (Supplementary 334 

Fig. S2). Only two OTUs are unique to Group 1 (Candida stellimalicola and Guehomyces pullulans), 335 

while five were found only in Group 2 (Chaetothyriales sp., Microascaceae sp., Penicillium georgiense, 336 

Pichia membranifaciens, and an unidentified Ascomycota). Of these, C. stellimalicola and G. pullulans 337 

(Group 1, South Fujian), and P. membranifaciens (Group 2) are important contributors to flavor and 338 

odor profiles by producing volatile flavor components such as phenols and alcohol esters, and are 339 

commonly present in other HQ starters (Lv et al., 2012). Thus, the contributions of these 340 

non-Saccharomyces yeasts to WHQ performance, and their impacts towards the special, characteristic 341 

flavors and other organoleptic properties of HQ wines from these regions should be further 342 

investigated. 343 

3.4. Fungal taxa differentiating WHQ varieties 344 

The abundances of the detected fungal taxa in the 13 regional WHQ varieties were also analyzed 345 

using the linear discriminant analysis (LDA) effect size (LEfSe) method. LDA highlighted a total of 36 346 

fungal taxa whose abundances in a given regional variety were different from those in all other samples 347 

by the statistically significant LDA threshold of >2.5 (Fig. 6A). We mapped these differentiating taxa 348 
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on the phylogenetic tree of the WHQ total fungal community from the phylum to the genus level using 349 

LEfSe (Fig. 6B). There were three samples (XQ1, Zhangping of Longyan; YD3, Yongchun of 350 

Quanzhou; and YS2, Jian’ou of Nanping) for which no discriminating fungal taxa could be found. The 351 

remaining 10 samples displayed differentially abundant fungi from one phylum, four classes, six orders, 352 

11 families, and 14 genera. Notably, the abundances of genus Meyerozyma, Penicillium, 353 

Wickerhamomyces, and Aspergillus were statistically different and distinctive for samples CK1, JS1, 354 

JS2, and LJ3, respectively. Among these, Wickerhamomyces and Aspergillus spp. have been described 355 

as key microorganisms responsible for the biogenesis of volatile components during HQ wine brewing 356 

(Liu et al., 2020). Chaetothyriales abundance was characteristic for sample YD1 (Yongchun of 357 

Quanzhou), together with those of the Saccharomycetaceae and Trichocomaceae families, and the 358 

genera Talaromyces, Saccharomyces and two unidentified genera. High abundance of Saccharomyces 359 

spp. has been associated with high fermentation activity and ethanol production capacity in HQ wine 360 

brewing. CK2 (Anxi of Quanzhou) had the largest number of distinguishing taxa, including 361 

non-Saccharomyces yeasts, Saccharomycetes and Wallemiomycetes. This WHQ variety was also the 362 

most rich in low-abundance fungal communities such as the order of Saccharomycetales and 363 

Wallemiales; the families Saccharomycetales fam. inc. sed., Phaffomycetaceae, Debaryomycetaceae 364 

and Wallemiales fam. inc. sed.; and the genera Millerozyma, Cyberlindnera, Candida and Wallemia 365 

that may contribute to the distinguishing taste of the HQ wine from this region. 366 

The filamentous fungal genera Penicillium and Aspergillus, and the family Aspergillaceae were 367 

characteristic for WHQ samples JS1 (Datian of Sanming), LJ3 (Anxi of Quanzhou) and SH4 (Gutian of 368 

Ningde), respectively. Aspergillus spp. are economically important in the biotechnology industries and 369 

widely used as the main saccharifying agents in naturally fermented traditional foods (Li et al., 2015). 370 

Aspergillus spp. make vital contributions to HQ wine production, and are involved in both the 371 

saccharification and the fermentation process by secreting enzymes that hydrolyze both the raw 372 

materials and the remaining starch in the final fermentation mash. These enzymes would determine 373 

liquefying and saccharifying power, and liquor-producing capacity. A. niger and A. flavus are 374 

non-mycotoxigenic strains that are dominant in WHQ (Hu, 2014). A. niger produces large amounts of 375 

β-amylases and glucoamylases during both the saccharification and the final alcoholic fermentation 376 

stages: these enzymes hydrolyze most of the amylose in the grain to glucose that is then utilized by 377 

yeasts for their growth and for ethanol production. Meanwhile, A. flavus produces α-amylases that are 378 
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essential for rice liquefaction by hydrolyzing the major amylopectin to dextrin, but are less important in 379 

the alcoholic fermentation stage. Members of other fungal genera such as Trichoderma and Monascus 380 

spp. whose abundances were characteristic for sample XQ2 (Jian’ou of Nanping) may also play 381 

important roles in HQ wine fermentations. Trichoderma spp. produce high amounts of xylanase, 382 

cellulase, hemicellulase, and endoglucanase enzymes that promote glucose production and improve HQ 383 

wine quality (Sharmaet et al., 2016). Monascus spp. are distinctive fungi used for HQ wine production 384 

in Fujian Province. In addition to hydrolases, these fungi also secrete esterase enzymes that form ethyl 385 

esters of the mixed acids produced by the fermentation, and these esters are essential to the complex 386 

aroma of HQ wines (Liang et al., 2020; Liu et al., 2020; Huang et al., 2018). Monascus spp. also 387 

contribute a characteristic, pleasing reddish-brown color to HQ wines due to their production of 388 

Monascus azaphilone pigments (MonAzPs, Chen et al., 2017) that are lacking in Chinese rice wines 389 

fermented by Wheat Qu (Ji et al., 2018). Further studies would be necessary to establish causative 390 

correlations of characteristic fungi in regionally varied WHQ with the quality and sensory 391 

characteristics of HQ wines.  Meanwhile, the differential abundances of these taxa may be exploited 392 

to develop biomarkers for the quality control of regionally distinct varieties of WHQ.  393 

3.5. Fermentation characteristics of regional WHQ varieties 394 

Fermentation characteristics of WHQ, such as liquefying power (LP), saccharifying power (SP), 395 

and fermenting power (FP), together with fermentation characteristics of HQ wines prepared using 396 

these WHQ, such as total acid content (TA) and liquor-producing power (LPP) were also determined 397 

for all 13 regional varieties (Table 2). The results show significant differences in fermentation 398 

characteristics with different WHQ samples. The highest liquefying power was found with samples 399 

YD3 (Yongchun, Quanzhou; LP of 80.06 ± 0.22 U/g) and XQ1 (Zhangping, Longyan; 78.65 ± 0.08 400 

U/g), whereas sample SH4 (Gutian, Ningde) had the lowest LP value (20.99 ± 0.38 U/g). Sample YD1 401 

from Yongchun of Quanzhou displayed the highest saccharifying power (SP of 3,573.4 ± 0.41 U/g), 402 

whereas the lowest SP was measured in sample JS2 (Datian, Sanming; 434.62 ± 0.95 U/g). Samples 403 

JS1, JS2, and YD1 had the highest fermenting power (FP of up to 9.66%), whereas sample XQ1 had 404 

the lowest FP value at just 1.90%. The total acid content was highest in the HQ wine prepared with 405 

sample SH4 (TA of 15.78 ± 0.1 g/L) and lowest with sample YD1 (TA of only 5.18 ± 0.15 g/L). 406 

Sample SH4 also had the highest liquor-producing power (LPP of 221.54 ± 2.19%), while samples 407 

XQ1 and CK2 had the lowest LPP values (184.7 ± 7.41% and 183.52 ± 9.34%, respectively). Based on 408 
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this measure, SH4 (Gutian of Ningde) was 1.2 times more capable of producing alcohol than XQ1 for 409 

the same weight of glutinous rice (Table 2). 410 

3.6. Correlation between fungal communities and fermentation characteristics 411 

A redundancy correlation analysis between the fungal communities and the fermentation 412 

characteristics showed that two main sorting axes explained 70.22% and 25.53% of the variability of 413 

the fermentation characteristics, respectively. Liquefying power (LP) had a strong positive correlation 414 

with the abundances of Millerozyma, Talaromyces, Pichia, Kazachstania, and Aspergillus spp. in the 415 

WHQ samples (Fig. 7A). LP describes the ability of the fermentation to transform starch from a highly 416 

polymeric semi-solid state (starch granules) to a liquid state (dextrin). Saccharifying power (SP) was 417 

found to be positively correlated with the abundances of Monascus, Talaromyces, and Saccharomyces. 418 

SP describes the potency of the fermentation to convert starch to glucose by hydrolyzing the 419 

non-reducing non-terminal α-1,4 glycosidic bonds and (more slowly) the α-1,6 glycosidic bonds (Oda, 420 

et al., 2006). At the same time, dextrin can also be hydrolyzed and D-glucose can be released from the 421 

non-reducing end of glycogen. Due to the different starch hydrolysis sites, strains providing high LP or 422 

SP may also differ. However, Talaromyces culture filtrates have been shown to contain both 423 

α-amylases and α-glucosidases (Bunni, et al., 1989): accordingly, the abundance of this genus 424 

positively correlated with both LP and SP in our study. Fermenting power (FP) had a strong positive 425 

correlation with the abundance of fungi from the genus Saccharomyces. Liquor-producing power (LPP) 426 

was positively correlated with the abundances of Monascus, Saccharomyces, Talaromyces, and 427 

Kazachstania spp. The total acid content (TA) of HQ wines was positively correlated with the 428 

abundances of Wickerhamomyces, Candida, and Meyerozyma spp, but showed a negative correlation 429 

with that of Saccharomyces. 430 

It is interesting that Saccharomyces accounted for only a small portion of the initial fermentative 431 

flora (<0.1%); however, the abundance of fungi from this genus had a strong positive correlation with 432 

SP, FP, and LPP and showed a strong negative correlation with TA. Saccharomyces spp. are important 433 

for the fermentation of sugar into alcohol; therefore, their abundance displays a strong positive 434 

correlation with FP and LPP. Saccharomyces spp. also have the capability to produce various enzymes, 435 

particularly α-amylase, glucoamylase, β-glucosidase and acid proteases (Lv, et al., 2013b). Thus, the 436 

fungi from this genus positively contribute to SP. On the other hand, our previous studies have shown 437 

that Saccharomyces spp. can inhibit the growth of pathogenic and spoilage microorganisms during the 438 
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brewing process, such as Leuconostoc, Pediococcus, Pantoea, Acetobacter, Klebsiella, and 439 

Staphylococcus spp. (Liang, et al., 2020a). Thus, Saccharomyces strains are also helpful in preventing 440 

the deterioration and acidification of the HQ wine, as shown by the strong negative correlation of the 441 

abundance of Saccharomyces with TA. Taken together, these results enhance our understanding of the 442 

core microbiota in traditional fermentation starters and their contribution to the fermentation process. 443 

Such knowledge may be helpful for the development of novel, defined starter cultures to improve the 444 

quality of HQ wines. 445 

3.7. Correlation of fermentation characteristics among WHQ 446 

We have also identified robust correlations among the different fermentation characteristics 447 

observed with the WHQ samples, as indicated by Spearman’s correlation analysis (Fig. 7B, |r| >0.6 448 

with P <0.05). The results show that liquor-producing power (LPP) had a strong positive correlation 449 

with fermenting power (FP) and liquefying power (LP)., while the total acid content (TA) of the HQ 450 

wine had a strong negative correlation with FP. It is interesting that TA was negatively correlated with 451 

FP in this study. Our previous studies have shown that there was a negative response between 452 

increasing total acid content and the rate of the increase in alcohol content during the early 453 

fermentation stage (Liang, et al., 2020b). On the one hand, Saccharomyces can inhibit the growth of 454 

Acetobacter and some lactic acid bacteria (LAB) during the brewing process. On the other hand, the 455 

higher level of alcohol and acid content can inhibit some of the lactate-producing enzymes of LAB, 456 

including glucokinase, pyruvate kinase, 6-phosphofructokinase, phosphoglucose isomerase, and lactate 457 

dehydrogenase (Zhang, et al., 2013). In the current study, the sample SH4 from Gutian (Ningde) had 458 

the highest LPP and TA values. This indicates that while pursuing higher LPP, other fermentation 459 

quality factors such as TA should also be considered. Further studies are needed to develop suitable 460 

WHQ wine fermentation technologies (including the use of beneficial fungal strains) to better control 461 

LPP and TA simultaneously, achieving high alcohol concentrations while maintaining the total acidity 462 

at an acceptable level. 463 

464 
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5. Conclusions 465 

In this study, the composition and diversity of the fungal communities in Wuyi Hong Qu (WHQ) 466 

fermentation starters were investigated by Illumina MiSeq HTS technology in a culture-independent 467 

manner. Our comparative survey of the microbiomes of regional varieties of WHQ revealed the 468 

dominant, core, unique and characteristic fungi, respectively. Our analyses indicate that fungal 469 

community composition and diversity among regional WHQ variants is closely associated with the 470 

local inocula used during manufacture, followed by processing technology and geographical 471 

distribution. Our exhaustive mapping of the diversity of various taxa in WHQ improves our 472 

understanding of the ecology of fungal communities in these traditional, economically and culturally 473 

significant fermentation products.  474 

Production of WHQ fermentation starters and HQ wine making involves a dynamically changing 475 

microbiome where a succession of different microorganisms occurs. Considering that short DNA 476 

sequences may still be detected after cell death, fungal taxa may remain detectable via DNA 477 

sequencing even when viable cells of those organisms may be no longer present in significant numbers. 478 

Recently, RNA-based 16S rRNA gene sequencing technologies have been described that allow the 479 

enumeration of presumably active members of microbial communities (Liang, et al., 2020a). rRNA 480 

transcripts are often used as proxies for active living organisms and can be used to determine the 481 

effective abundances of microbial communities (Liao, et al., 2014; Mueller, et al., 2016). Our future 482 

studies will utilize such technologies to further characterize both the diversity of the dynamic microbial 483 

ecosystem and the presumed viability of the cells for the identified OTUs in different types of WHQ. 484 

Nevertheless, our current DNA-based analysis still allowed us to correlate WHQ fungal 485 

communities and HQ wine fermentation characteristics. This analysis revealed the core fungi in WHQ 486 

that may contribute to fermentation characteristics such as liquefying power, saccharifying power, 487 

fermenting power, liquor-producing power, and total acid content. Such an understanding provides a 488 

basis for the quality control and standardization of WHQ manufacture. This then will have major 489 

consequences to the safety and the fermentation performance of these regionally varied wine starters, 490 

and to the quality of traditional HQ wines and their ability to meet consumer expectations. Additionally, 491 

our results lay the foundation for further studies that will address the enzymatic contributions of 492 

specific members of the fungal community in WHQ towards the saccharification/liquefaction and the 493 

alcoholic fermentation stages of HQ wine production, and their metabolomic inputs towards the 494 
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organoleptic and health-related properties of HQ wine products. Further studies are recommended to 495 

isolate the most important fungal strains, and to use these to develop tailor-made fermentation starters. 496 

Such results would be especially important in the future when WHQ manufacture transitions from a 497 

traditional, uncontrolled, spontaneous, open fermentation technology to a more industrial, 498 

better-controlled and semi-automated process. 499 

 500 

Acknowledgments 501 

This work was financially supported by the Natural Science Foundation of China (31901803 to 502 

Y.Y.H.), the Natural Science Foundation of Fujian Province, China (2019J01115 to Y.Y.H.), the Public 503 

Scientific Research Program of Fujian Province, China (2018R1014-5 to X.Y.R and 2019R1032-7 to 504 

Y.Y.H.), the Regional Development Program of Fujian Province, China (2019N3017 to Z.G.H.), the 505 

Young Talents Project of Academy of Agricultural Sciences of Fujian Province (YC2017-6 to X.Y.R.), 506 

the China Scholarship Council (202009350004 to Y.Y.H.), the USDA National Institute of Food and 507 

Agriculture Hatch project (ARZT-1361640-H12-224 to I.M.); the Higher Education Institutional 508 

Excellence Program of the Ministry of Human Capacities in Hungary (NKFIH-1150-6/2019 to I.M.); 509 

and the U.S. National Institutes of Health (NIGMS 5R01GM114418 to I.M.). The authors thank the 510 

Beijing Allwegene Technology Co., Ltd., for Illumina MiSeq sequencing and analysis. 511 

 512 

Competing Interests statement 513 

I.M. has disclosed financial interests in Teva Pharmaceuticals Works Ltd. (Hungary) and the 514 

University of Debrecen (Hungary) which are unrelated to the subject of the research presented here. All 515 

other authors declare no conflicts of interest.516 



 

20 
 

References 517 

Amato, K.R., Yeoman, C.J., Kent, A., Righini, N., Carbonero, F., Estrada, A., Gaskins, H.R., 518 

Stumpf, R.M., Yildirim, S., Torralba, M., Gillis, M., Wilson, B.A., Nelson, K.E., White, B.A., 519 

& Leigh, S.R. (2013). Habitat degradation impacts black howler monkey (Alouatta pigra) 520 

gastrointestinal microbiomes. ISME J., 7, 1344-1353. 521 

Bunni, L., McHale, L., & McHale, A. P. (1989). Production, isolation and partial characterization 522 

of an amylase system produced by Talaromyces emersonii CBS 814.70. Enzyme Microb. 523 

Technol., 11, 370-375. 524 

Cai, H.Y., Zhang, T., Zhang, Q., Luo, J., Cai, C.G., & Mao, J.W. (2018). Microbial diversity and 525 

chemical analysis of the starters used in traditional Chinese sweet rice wine. Food Microbiol., 526 

73, 319-326. 527 

Chen, W., Chen, R., Liu, Q., He, Y., He, K., Ding, X., Kang, L., Guo, X., Xie, N., Zhou, Y., Lu, Y., 528 

Cox, R.J., Molnár, I., Li, M., Shao, Y., Chen, F. (2017). Orange, red, yellow: biosynthesis of 529 

azaphilone pigments in Monascus fungi. Chem. Sci. 8, 4917-4925. 530 

Cole, J.R., Wang, Q., Fish, J.A., Chai, B., McGarrell, D.M., Sun, Y., Brown, C.T., Porras, A.A., 531 

Kuske, C.R., & Tiedje, J.M. (2014). Ribosomal database project: data and tools for high 532 

throughput rRNA analysis. Nucleic Acids Res., 41, 633–642. 533 

Edgar, R.C. (2013). UPARSE: Highly accurate OTU sequences from microbial amplicon reads. 534 

Nat. Methods, 10, 996-998. 535 

Gao, W., & Zhang L.W. (2019). Comparative analysis of the microbial community composition 536 

between Tibetan kefir grains and milks. Food Res. Int., 116, 137-144. 537 

Hu, P.X. (2014). Yellow rice winemaking technology (1st Ed). Beijing, China Light Industry Press. 538 

pp. 21-25. 539 

Huang, Z.R., Hong, J.L., Xu, J.X., Li, L., & Lv, X.C. (2018a). Exploring core functional 540 

microbiota responsible for the production of volatile flavor during the traditional brewing of 541 

Wuyi Hong Qu glutinous rice wine. Food Microbiol., 76, 487-496. 542 

Huang, Z.R., Guo, W.L., Zhou, W.B., Li, L., Xu, J.X., Hong, J.L., Liu, H.P., Zeng, F., Bai, W.D., 543 

Liu, B., Ni, L., Rao, P.F., & Lv, X.C. (2018b). Microbial communities and volatile 544 

metabolites in different traditional fermentation starters used for Hong Qu glutinous rice wine. 545 

Food Res. Int., 121, 593-603. 546 

https://doi.org/10.1016/j.foodres.2018.12.024


 

21 
 

Ji, Z.W., Jin, J.S., Yu, G.S., Mou, R., Mao, J., Liu, S.P., Zhou, Z.L., & Peng, L. (2018) 547 

Characteristics of filamentous fungal diversity and dynamics associated with wheat Qu and 548 

the traditional fermentation of Chinese rice wine. Int. J. Food Sci. Technol., 53, 1611-1621. 549 

Li, P., Aflakpui, F.W.K., Yu, H., Luo, L.X., & Lin, W.T. (2015). Characterization of activity and 550 

microbial diversity of typical types of Daqu for traditional Chinese vinegar. Ann. Microbiol., 551 

65, 2019-2027. 552 

Liang, Z.C., Lin, X.Z., He, Z.G., Su, H., Li, W.X., & Ren, X.Y. (2020a). Amino acid and microbial 553 

community dynamics during the fermentation of Hong Qu glutinous rice wine. Food 554 

Microbiol., 90, 103467. 555 

Liang, Z.C., Lin, X.Z., He, Z.G., Li, W.X., Ren, X.Y., & Lin, X.J. (2020b) Dynamic changes of 556 

total acid and bacterial communities during the traditional fermentation of Hong Qu 557 

glutinous rice wine. Electron. J. Biotechnol., 43, 23-31.  558 

Liang, Z.C., Lin, X.Z., He, Z.G., Li, W.X., Ren, X.Y., & Lin, X.J. (2020c). Comparison of 559 

microbial communities and amino acid metabolites in different traditional fermentation 560 

starters used during the fermentation of Hong Qu glutinous rice wine. Food Res. Int., 136, 561 

109329. 562 

Liang, Z., Su, H., Lin, X., He, Z., Li, W., & Deng, D. (2020d). Microbial communities and amino 563 

acids during the fermentation of Wuyi Hong Qu Huangjiu. LWT, 130, 109743. 564 

Liao, H. L., Chen, Y., Bruns, T. D., Peay, K. G., Taylor, J. W., Branco, S., Talbot, J. M., & Vilgalys, 565 

R. (2014). Metatranscriptomic analysis of ectomycorrhizal roots reveals genes associated 566 

with Piloderma–Pinus symbiosis: improved methodologies for assessing gene expression in 567 

situ. Environ.l Microbiol., 16, 3730-3742. 568 

Liu, M.K., Tang, Y.M., Zhao, K., Liu, Y., Guo, X.J., Ren, D.Q., Yao, W.C., Tian, X.H., Gu, Y.F., Yi, 569 

B., & Zhang, X.P. (2017). Determination of the fungal community of pit mud in fermentation 570 

cellars for Chinese strong-flavor liquor, using DGGE and Illumina MiSeq sequencing. Food 571 

Res. Int., 91, 80-87. 572 

Liu, S.P., Yu, J.X., Wei, X.L., Ji, Z.W., & Mao, J. (2016). Sequencing-based screening of 573 

functional microorganism to decrease the formation of biogenic amines in Chinese rice wine. 574 

Food Control, 64, 98-104. 575 

Liu, S.P., Chen, Q.L., Zou, H.J., Yu, J.X., Zhou, Z.L., Mao, J. & Zhang, S. (2019). A metagenomic 576 



 

22 
 

analysis of the relationship between microorganisms and flavor development in Shaoxing 577 

mechanized huangjiu fermentation mashes. Int. J. Food Microbiol., 303, 9-18. 578 

Liu, Z.B., Wang, Z.Y., Lv, X.C., Zhu, X.P., & Ni, L. (2018). Comparison study of the volatile 579 

profiles and microbial communities of Wuyi Qu and Gutian Qu, two major types of 580 

traditional fermentation starters of Hong Qu glutinous rice wine. Food Microbiol., 69, 581 

105-115. 582 

Liu, Z.B., Wang, Z.Y., Sun, J.Y., & Ni, L. (2020) The dynamics of volatile compounds and their 583 

correlation with the microbial succession during the traditional solid-state fermentation of 584 

Gutian Hong Qu glutinous rice wine. Food Microbiol., 86, Article 103347. 585 

https://doi.org/10.1016/j.fm.2019.103347 586 

Lu, Q.Y., Lee, R.P., Huang, J.J., Yang, J.P., & Li, Z.P. (2015). Quantification of bioactive 587 

constituents and antioxidant activity of Chinese yellow wine. J. Food Compos. Anal., 44, 588 

86-92. 589 

Lv, X.C., Huang, R.L., Chen, F., Zhang, W., & Ni, L. (2013a). Bacterial community dynamics 590 

during the traditional brewing of Wuyi Hong Qu glutinous rice wine as determined by 591 

culture-independent methods. Food Control, 34, 300-306. 592 

Lv, X.C., Huang, X.L., Zhang, W., Rao, P.F., & Ni, L. (2013b). Yeast diversity of traditional 593 

alcohol fermentation starters for Hong Qu glutinous rice wine brewing, revealed by 594 

culture-dependent and culture-independent methods. Food Control, 34, 183-190. 595 

Lv, X.C., Qi, Q., Cai, X.X., Chen, K.F., & Ni, L. (2015a). Characterization of fungal community 596 

and dynamics during the traditional brewing of Wuyi Hong Qu glutinous rice wine by means 597 

of multiple culture-independent methods. Food Control, 54, 231-239. 598 

Lv, X.C., Chen, Z.C., Jia, R.B., Liu, Z.B., & Ni, L. (2015b). Microbial community structure and 599 

dynamics during the traditional brewing of Fuzhou Hong Qu glutinous rice wine as 600 

determined by culture-dependent and culture-independent techniques. Food Control, 57, 601 

216-224. 602 

Lv, X.C., Li, Y., Qiu, W.W., Wu, X.Q., & Ni, L. (2016a). Development of propidiummonoazide 603 

combined with real-time quantitative PCR (PMA-qPCR) assays to quantify viable dominant 604 

microorganisms responsible for the traditional brewing of Hong Qu glutinous rice wine. 605 

Food Control, 66, 69-78. 606 

https://doi-org.ezproxy1.library.arizona.edu/10.1016/j.fm.2019.103347


 

23 
 

Lv, X.C., Jia, R.B., Li, Y., Chen, F., & Ni, L. (2016b). Characterization of the dominant bacterial 607 

communities of traditional fermentation starters for Hong Qu glutinous rice wine by means of 608 

MALDI-TOF mass spectrometry fingerprinting, 16S rRNA gene sequencing and 609 

species-specific PCRs. Food Control, 67, 292-302. 610 

Lv, X.C., Jiang, Y.J., Liu, J., Guo, W.L., & Ni, L. (2017). Evaluation of different PCR primers for 611 

denaturing gradient gel electrophoresis (DGGE) analysis of fungal community structure in 612 

traditional fermentation starters used for Hong Qu glutinous rice wine. Int. J. Food 613 

Microbiol., 255, 58-65. 614 

Lv, X.C., Weng, X., Zhang, W., Rao, P.F., & Ni, L. (2012). Microbial diversity of traditional 615 

fermentation starters for Hong Qu glutinous rice wine as determined by PCR-mediated 616 

DGGE. Food Control, 28, 426-434. 617 

Magoc, T., & Salzberg, S. (2011). FLASH: fast length adjustment of short reads to improve 618 

genome assemblies. Bioinformatics, 27, 2957–2963. 619 

Mueller, R. C., Gallegos-Graves, L., Zak, D. R., & Kuske, C. R. (2016). Assembly of active 620 

bacterial and fungal communities along a natural environmental gradient. Microbial Ecol., 71, 621 

57-67. 622 

Oda, K., Kakizono, D., Yamada, O., Iefuji, H., Akita, O., & Iwashita, K. (2006). Proteomic 623 

analysis of extracellular proteins from Aspergillus oryzae grown under submerged and 624 

solid-state culture conditions. Appl. Environ. Microbiol., 72, 3448. 625 

Okuda, M., Lizuka, S., Xu, Y., & Wang, D. (2019). Rice in brewing. In Bao, J.S. (Eds.), Rice: 626 

chemistry and technology (4th Ed.). Duxford: Woodhead, (Chapter 18, pp. 589-626). 627 

Park, K.H., Liu, Z., Park, C.S., & Ni, L. (2016). Microbiota associated with the starter cultures and 628 

brewing process of traditional Hong Qu glutinous rice wine. Food Sci. Biotechnol., 25, 629 

649–658. 630 

R Core Team (2014). R: A Language and Environment for Statistical Computing. R Foundation 631 

for Statistical Computing (Vienna, Austria). 632 

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S., & Huttenhower, C.. 633 

(2011). Metagenomic biomarker discovery and explanation. Genome Biol., 12, 60. 634 

Sharma, A.,Tewari, R., Rana, S.S., Soni, R., & Soni, S.K. (2016). Cellulases: classification, 635 

methods of determination and industrial applications. Appl. Biochem. Biotechnol., 179, 1-35. 636 



 

24 
 

Tian, Y.T., Huang, J.M., Xie, T.T., Huang, L.Q., Zhang, W.J., Zheng, Y.F., & Zheng, B.D. (2016). 637 

Oenological characteristics, amino acids and volatile profiles of Hongqu rice wines during 638 

pottery storage: Effects of high hydrostatic pressure processing. Food Chem., 203, 456-464. 639 

Unno, T. (2015). Bioinformatic suggestions on MiSeq-based microbial community analysis. J. 640 

Microbiol. Biotechnol., 25, 765. 641 

Urmas, K., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M., Bates, S.T., 642 

Bruns, T.D., Callaghan, T.M., Douglas, B., Drenkhan, T., Eberhardt, U., Grebenc, T., Griffith, 643 

G.W., Hartmann, M., Kirk, P.M., Kohout, P., et al. (2013). Towards a unified paradigm for 644 

sequence-based identification of fungi. Mol. Ecol., 22, 5271-5277. 645 

Xiong, T., Guan, Q. Q., Song, S. H., Hao, M. Y., & Xie, M. Y. (2012). Dynamic changes of lactic 646 

acid bacteria flora during Chinese sauerkraut fermentation. Food Control, 26, 178-181. 647 

Yang, C.L., Wu, X.P., Chen, B., Deng, S.S., Chen, Z.E., Huang, Y.Y., & Jin, S.S. (2016). 648 

Comparative analysis of genetic polymorphisms among Monascus strains by ISSR and 649 

RAPD markers. J. Sci. Food Agric., 97, 636-640. 650 

Yang, Y.Z., Li, S.G., Gao, Y.C., Chen, Y.Y., & Zhan, A.B. (2019). Environment-driven 651 

geographical distribution of bacterial communities and identification of indicator taxa in 652 

Songhua River. Ecol. Indicators, 101, 62-70. 653 

Zhang, C. Y., Lin, N. B., Chai, X. S., Zhong, L., & Barnes, D. G. (2015). A rapid method for 654 

simultaneously determining ethanol and methanol content in wines by full evaporation 655 

headspace gas chromatography. Food Chem., 183, 169-172. 656 

Zhang, Q. L., Brashears, M., Yu, Z. M., Ren, J. Y., Li, Y. J., & Zhao, M. M. (2013). Effect of 657 

ultrafiltered fractions from casein on lactic acid biosynthesis and enzyme activity in yoghurt 658 

starter cultures. Int. J. Food Sci. Technol., 48, 1474-1482. 659 

Zhang, W., Cai, Q., Rao, T., Zhou, K., Huang, Y., Liu, Z., & Ni, L. (2015). Analysis of dominate 660 

fungal community and characteristics of Gutian Hong Qu. J. Chinese Inst. Food Sci. Technol., 661 

15, 180-185. 662 



 

1 
 

FIGURES 

 

1 

Fig. 1. Overview of the manufacturing technology for Gutian Hong Qu (GHQ) and Wuyi Hong 2 

Qu (WHQ) fermentation starters.  3 
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4 
Fig. 2.  Alpha diversity analysis of fungal communities in 13 regional WHQ samples.  A.  5 

Boxplots for the Chao1 estimator for community richness; B. Boxplots for the Shannon’s index for 6 

community diversity, and C. Boxplots for the observed species number. In the boxplots, the box 7 

indicates the IQR (inter-quartile range) Q1 to Q3, while the whiskers extend to the lowest/highest 8 

values that are within 1.5 IQR of the Q1 or Q3 range, respectively.   9 
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10 
Fig. 3.  Fungal community compositions in 13 regional WHQ varieties.  A, genus; and B, species 11 

(average sequence abundance >0.01%). Results are shown as the mean from three biological 12 

replicates.   13 
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14 

Fig. 4. Bate diversity analysis of the similarities in fungal community compositions among 13 15 

regional WHQ varieties. A. Venn diagram of OTUs for 13 WHQ samples (coded with the two 16 

letters and the first digit on the outer perimeter of the figure; see Supplementary Table S1) in 17 

triplicates (coded as the second digit). Core:4 indicates that four OTUs are common in all samples, 18 

the numbers near the edges of the petals show the number of unique OTUs in each sample. B. 19 

Hierarchically clustered heat map based on the Bray-Curtis similarity index of the relative 20 

abundances of the 20 most prevalent fungal genus. The six major clusters are boxed and labeled 21 

with capital letters.  22 
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 23 

Fig. 5. Composition and geographical distribution of fungal communities. A. Principal 24 

component analysis. B. Geographical distribution of the 13 WHQ samples.  Group 1 samples are 25 

boxed in red, and include CK1, CK2, YD3, JS2, and LJ3 (Supplementary Table S1).  Group 2 26 

samples are marked by the black dashed boxes and include YD1, LJ2, SH4, PH7, YS2, JS1, and 27 

XQ1 (Supplementary Table S1). Group 3 includes sample XQ2 and is circled in solid red. C. 28 

Distribution of fungal genera in sample XQ2 from Jian’ou of Nanping. D. Distribution of fungal 29 

genera in other samples.  30 



 

6 
 

31 
Fig. 6. Linear discriminant analysis (LDA) effect size (LEfSe). A: Fungal taxa that show 32 

significantly different abundances and are discrimants (potential biomarkers) for WHQ samples 33 

from a given geographic region. B: Taxonomic cladogram of the discrimants (potential biomarkers) 34 

analyzed by LEfSe. Rings from the inner to the outer portion of the graph represent taxonomic ranks 35 

from phylum to genus. The nodes in each taxonomic rank are defined at the same level of 36 

classification and the sizes of the nodes are proportional to their relative abundances. Nodes with a 37 

lime color represent no significant variation in the abundances of the taxa. Areas highlighted with 38 

the additional different colors represent different groups, and the nodes in the additional different 39 

colors distinguish the different WHQ samples. The same color nodes in the branches are defined as 40 

significant different taxon biomarkers representing the distinguishing taxa in the same color group.  41 
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 42 

Fig. 7. Correlation between fungal communities of WHQ and fermentation characteristics.  A: 43 

Redundancy analysis of the abundances of fungi and the measured fermentation characteristics. 44 

Fungal genera with >0.01% abundance are shown. Blue denotes the abundances of fungi and red 45 

denotes fermentation characteristics. LP: liquefying power; SP: saccharifying power; FP: 46 

fermenting power; TA: total acid content; and LPP: liquor-producing power. B: Spearman’s 47 

correlations analysis of WHQ fermentation characteristics. A Spearman’s rank correlation matrix is 48 

shown (|r| >0.6 with P <0.05). The color of the scale bar denotes the nature of the correlation with 49 

1 indicating a perfect positive correlation (red) and -1 denoting a perfect negative correlation (blue). 50 

51 
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TABLES 52 

Table 1.  Sequencing statistics for the 13 regional WHQ samples. 53 
Sample Sequence No. High Quality Reads（%） OTU No. 

JS1 44,053 ± 8,955 ab 97.67 ± 0.64 bc 21 ± 1 ab 

JS2 35,034 ± 2,511 ab 96.94 ± 0.40 cde 24 ± 2 a 

XQ1 33,784 ± 4,578 b  98.30 ± 0.37 ab 19 ± 2 ab 

CK1 43,001 ± 14,815 ab 96.00 ± 0.41 ef 23 ± 3 a 

CK2 51,774 ± 10,734 a 96.26 ± 0.38 def 24 ± 2 a 

LJ2 44,869 ± 3,997 ab 96.91 ± 0.36 cde 21 ± 2 ab 

LJ3 43,729 ± 9,717 ab 96.63 ± 0.34 de 24 ± 3 a 

YD1 46,744 ± 11,305 ab 97.19 ± 0.46 cd 24 ± 0 a 

YD3 37,626 ± 2,821 ab 95.39 ± 0.21 f 23 ± 1 a 

SH4 36,833 ± 6,164 ab 98.66 ± 0.24 a 16 ± 2 b 

PH7 36,591 ± 7,580 ab 98.84 ± 0.28 a 19 ± 2 ab 

YS2 35,662 ± 2,762 ab 98.43 ± 0.11 ab 21 ± 2 ab 

XQ2 40,156 ± 12,099 ab 98.22 ± 1.34 ab 22 ± 8 ab 

Values are presented as the means ± standard deviations (n=3).  Different superscript letters in each 54 

column represent significant differences (P <0.05).  OTU, operational taxonomic unit.55 
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Table 2. Fermentation characteristics of different WHQ fermentation starters 56 

Sample LP (U/g) SP (U/g) FP (%) TA (g/L) LPP (%) 

JS1 63.18 ± 1.12 d 528.49 ± 7.67 a 9.66 ± 0.16 a   8.23 ± 0.10 g 200.70 ± 4.47 cd 

JS2 69.09 ± 0.08 c 434.62 ± 0.95 b 9.51 ± 0.16 a   6.41 ± 0.15 i 216.95 ± 1.00 ab 

XQ1 78.66 ± 0.08 b 3,174.89 ± 8.91 c 1.90 ± 0.33 h 10.76 ± 0.05 d 184.70 ± 7.41 e 

CK1 29.53 ± 0.52 i 1,138.49 ± 0.09 d 7.55 ± 0.28 de   9.70 ± 0.05 f 194.03 ± 6.40 de 

CK2 47.21 ± 0.17 f 2,944.53 ± 0.18 e 5.24 ± 0.11 f 11.21 ± 0.10 c 183.52 ± 9.34 e 

LJ2 47.30 ± 0.90 f 2,789.77 ± 0.89 f 8.47 ± 0.27 bc   5.73 ± 0.00 k 217.37 ± 3.76 ab 

LJ3 51.58 ± 0.65 e 1,817.56 ± 0.55 g 9.07 ± 0.04 ab   5.40 ± 0.10 l 206.86 ± 7.40 bc 

YD1 51.67 ± 0.57 e 3,573.40 ± 0.41 g 9.54 ± 0.08 a   5.18 ± 0.15 m 214.24 ± 3.32 ab 

YD3 80.06 ± 0.22 a 2,367.76 ± 2.96 h 7.68 ± 0.25 cde   7.70 ± 0.20 h 218.31 ± 1.54 ab 

SH4 20.99 ± 0.38 k 454.15 ± 0.55 i 3.58 ± 0.06 g 15.78 ± 0.10 a 221.54 ± 2.19 a 

PH7 26.47 ± 0.86 j 782.08 ± 0.72 j 7.68 ± 0.09 cde 12.42 ± 0.10 b 197.34 ± 17.10 cd 

YS2 41.74 ± 0.13 g 1,446.89 ± 31.44 k 7.05 ± 0.10 e 10.27 ± 0.05 e 206.82 ± 7.01 bc 

XQ2 41.45 ± 0.82 g 1,463.44 ± 14.26 l 8.34 ± 1.54 bcd   6.20 ± 0.10 j 206.36 ± 2.91 bc 

Values are presented as the means ± standard deviations (n=3).  Different superscript letters in each 57 

column represent significant differences (P <0.05). LP: liquefying power; SP: saccharifying power; 58 

FP: fermenting power; TA: total acid content; and LPP: liquor-producing power. 59 
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