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ABSTRACT 

	
Aims: This study aimed to compare the physicochemical characteristics of white, black, and yellow high-temperature Daqu to determine how moisture, acidity, starch composition, amino acid nitrogen, saccharification power, and liquefaction activity relate to functional performance during Baijiu fermentation.

Study design:  This was an experimental, laboratory-based comparative analysis of three Daqu types differing in color and fermentation stage.

Place and Duration of Study: The study was conducted 1College of Food Science and Nutritional Engineering, China Agricultural University, Beijing, over a period of three months. Dec. 2024 to Feb. 2025.

Methodology: White, black, and yellow Daqu samples were collected and analyzed for moisture content, total acidity, starch and amylose levels, amino acid nitrogen, saccharification power, and liquefaction activity. Standard physicochemical assays were applied, including oven‐drying for moisture, titration for acidity, colorimetric and enzymatic assays for starch composition and nitrogen content, and activity-based methods for quantifying saccharification and liquefaction capacity. Data were statistically compared across Daqu types to identify significant physicochemical differences.

Results: Marked physicochemical variation was observed among the Daqu types. Black Daqu showed the highest moisture content, consistent with enhanced water absorption during storage, while yellow Daqu displayed the highest acidity, indicating more active biochemical and microbial metabolism. Starch, amylose, amino acid nitrogen, and liquefaction activity showed no significant differences across samples (P > 0.05), suggesting comparable substrate availability and baseline enzymatic potential. In contrast, saccharification power differed significantly (P < 0.05), with yellow Daqu presenting the lowest activity, implying reduced amylolytic capacity and potential effects on sugar release and fermentation kinetics.

Conclusion: Daqu color corresponds to distinct physicochemical patterns that influence fermentation behavior in Baijiu production. Moisture content, acidity level, and saccharification efficiency emerged as key differentiating factors shaping microbial activity and aroma precursor formation. These findings support more informed Daqu selection for quality control, while highlighting the need for integrated studies combining microbial ecology and metabolomics to further validate the mechanisms governing aroma and product quality.
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1. INTRODUCTION 

Baijiu, one of China’s most culturally significant and economically valuable distilled spirits, is widely celebrated for its diverse aromatic styles and complex flavor profiles (Li and Sun, 2023). Central to the production of Baijiu is Daqu, a traditional solid-state fermentation starter that provides the necessary enzymes and microbial consortia to initiate and drive fermentation. The quality, yield, and sensory attributes of Baijiu are profoundly shaped by the characteristics of the Daqu used, making Daqu an indispensable focus of research and industrial optimization (Li et al., 2023). Over the past decade, increasing attention has been directed toward understanding the physicochemical properties and microbial ecology of Daqu, with a growing emphasis on how color variations and temperature regimes affect its fermentation performance (Zhang Z.et al., 2025). Among the different production regimes, high-temperature Daqu, which is often produced under peak temperatures above 60–70°C has become a critical subject due to its unique microbial composition, potent enzymatic activities, and strong contribution to flavor formation.
Daqu is produced from grains such as wheat, barley, or rice through a complex process involving solid-state fermentation, aging, and controlled drying (Jiang et al., 2023). During fermentation, diverse microorganisms including bacteria, fungi, and yeasts colonize the Daqu matrix, synthesizing enzymes that break down starches, proteins, and lipids into fermentable substrates and flavor precursors (Xia et al., 2023). The metabolic interplay among these microorganisms contributes to the desirable aroma compounds in Baijiu while suppressing or transforming undesirable metabolites. As Daqu matures, it develops a range of colors typically white, yellow, brown, or black each of which serves as an indicator of fermentation conditions, microbial succession, substrate utilization, and thermal history (Zong et al., 2024). These color differences also align closely with Daqu quality. For instance, yellow Daqu is widely regarded as having superior fermentation characteristics, followed by white Daqu, while black Daqu is commonly associated with overheating, undesirable microbial activity, or inadequate drying, resulting in reduced quality (Zhang Z., et al., 2025)
Various production conditions contribute to the formation of these color distinctions. Optimal temperatures during early fermentation and sufficient drying tend to favor yellow Daqu formation, whereas lower temperatures during pre-fermentation or insufficient water removal produce whiter Daqu (Deng et al., 2020). Conversely, excessively rapid temperature increases or poor drying toward the end of fermentation often result in blackened Daqu, signaling excessively high thermal stress or microbial imbalance (Jiang et al., 2023). These visible color variations reflect deeper physiochemical and microbiological differences that may exert significant influence on fermentation efficiency and flavor development. Indeed, recent studies suggest that Daqu color may correlate with distinct flavor-contributing microbial taxa and enzymatic activity profiles, ultimately affecting the sensory traits of Baijiu (Li, Q et al., 2025; Chen et al., 2025). 
Temperature plays a central role in shaping the microbial ecology and physicochemical characteristics of high-temperature Daqu (Deng, 2020). Elevated incubation conditions selectively promote thermophilic and thermotolerant microorganisms such as Thermomyces, Aspergillus, and Bacillus which secrete high levels of amylases, proteases, esterases, and lipases crucial for saccharification, proteolysis, and flavor precursor formation (Jaiswal & Jaiswal, 2024). These temperature-driven shifts suppress mesophilic species and restructure metabolic pathways, ultimately influencing fermentation kinetics and aroma compound development. Advances in molecular tools, including high-throughput sequencing and metagenomics, have deepened understanding of these microbial dynamics, revealing how temperature-induced ecological changes translate into functional variations in Daqu fermentation (Wu et al., 2025).
Alongside microbial impacts, temperature profoundly affects the physicochemical properties and flavor-forming potential of Daqu (Wu et al., 2025). High thermal conditions modify enzyme activity, water availability, and substrate degradation rates, while accelerating Maillard and caramelization reactions that darken color and generate melanoidins (Liu et al., 2022). These biochemical processes contribute to a wide range of volatile compounds including, esters, acids, aldehydes, and aromatics, resulting from carbohydrate, protein, and lipid metabolism. Because Daqu color reflects these underlying thermal and microbial interactions, understanding color-associated differences remains essential. Yet, systematic comparisons of white, yellow, and black high-temperature Daqu remain limited. This study therefore addresses this gap by examining their physicochemical traits, microbial communities, and flavor profiles to clarify how color distinctions influence fermentation quality. Through this integrated approach, the study seeks to clarify how color-associated variations in high-temperature Daqu influence fermentation quality ultimately contributing to improved process control, scientific understanding, and product consistency in Baijiu production.

2. material and methods / experimental details / methodology (Arial, Bold, 11 font, left aligned, caps)

2.1 Materials and Reagents
All chemicals and reagents used in this study were of analytical grade. Key reagents included acetic acid (Macklin, Lot C16225512), anhydrous sodium acetate (Macklin, Lot C16314441), Fehling’s solution (Shanghai Yuanye Biotechnology, Lot N25HR14126A), glucose standard solution (Solarbio Life Science, Lot 318X026), hydrochloric acid (Sinopharm Chemical Reagent Co. Ltd, Lot 10011018), soluble starch (General Reagent, Lot P2756404), sodium hydroxide (Macklin, Lot C16007259), and methylene blue indicator (Aladdin, Lot G1520039).
2.2 Physicochemical Analysis
2.2.1 Moisture Content Determination
Moisture content was determined using the constant-weight drying method. A clean weighing bottle was dried at 101–105 °C for 1 h, cooled, and weighed repeatedly until constant mass was achieved. Approximately 4–5 g of Daqu was placed into the pre-dried weighing bottle and dried at 101–105 °C until constant weight. 
2.2.2 Acidity Determination
Acidity was measured using potentiometric titration as adopted by (Feng et al., 2020), with little modifications. A 10 g Daqu sample (±0.01 g) was added to 200 mL CO₂-free water, stirred for 0.5 min, soaked for 30 min, filtered, and the filtrate collected. A 20 mL aliquot was titrated with 0.1 mol/L NaOH using a calibrated acidometer.
Acidity (X₂) was calculated using Equation (1):
 (1)
Dry-basis acidity (X₃) was calculated using Equation (2):
(2)
where c is the concentration of NaOH (mol/L), V₁ and V₀ are NaOH volumes (mL) for sample and blank, and H is moisture content (g/100 g).
2.2.3 Starch Content Determination
Starch content was measured via acid hydrolysis followed by Fehling titration following the protocol of (Sitio et al., 2024). A 1.5–2.0 g Daqu sample was hydrolyzed in 100 mL HCl for 2 h. Reducing sugars formed were titrated against Fehling’s A and B solutions using methylene blue as indicator. The mass of Fehling’s solution equivalent to glucose (F) was computed using Equation (3):

  			           (3)
Starch content (X4) was calculated using Equation (4)
 	                          (4)
where m is sample mass (g) and V₂ is sample titration volume (mL). Results were rounded to one decimal place.
2.3.4 Amylose Content Determination
Amylose was quantified following a multi-step extraction and colorimetric protocol (Gao et al., 2025). A 0.005 g dried sample was homogenized with 1 mL Reagent I, incubated at 80 °C for 30 min, and centrifuged. The sediment was washed with ether (Reagent II), centrifuged, dissolved in 5 mL Reagent IV, incubated at 90 °C for 10 min, and centrifuged. Supernatants were analyzed using a spectrophotometer at 550 nm and 485 nm. Standard curves were prepared using serially diluted 1 mg/mL amylose standards.

2.3.5 Amino Acid Nitrogen Determination
Amino acid nitrogen was determined based on the formaldehyde-consumption principle (Li Y., et al., 2025), with slight modifications. A 20 g Daqu sample was soaked for 30 min, diluted to 100 mL, mixed, and filtered. The filtrate was titrated in two steps:
1. Neutralization of acidity: 20 mL sample + 60 mL water was titrated to pH 8.2 with NaOH.
2. Formaldehyde reaction: 10 mL formaldehyde was added, and titration continued to pH 9.2.
Blank titrations were conducted similarly. Amino acid nitrogen (X5) was calculated using
Equation (5):
    			 (5)
where V₁ and V₀ are NaOH volumes (mL). Results were rounded to two decimal places. Repeatability was maintained within ±5%.
2.3.6 Saccharification Power
Saccharification power was determined by measuring the enzymatic hydrolysis of soluble starch as used by (Gou et al., 2024). Daqu sample solution (equivalent to 1 g dry matter per 100 mL) was prepared in sodium acetate buffer and incubated at 35 °C for 1 h, then filtered.
Two titrations were performed:
· Blank test: 25 mL starch solution + 5 mL sample solution + NaOH.
· Sample test: Identical mixture, saccharified at 35 °C for 1 h, then titrated with glucose standard solution.
Saccharification power (X₆) was calculated using Equation (6):
    			 (6)
2.3.7 Liquefaction Power
Liquefaction power was measured based on the disappearance of blue iodine-starch coloration (Wang et al., 2025). A 5% enzyme extract of Daqu was prepared by incubating Daqu in pH 4.6 buffer at 35 °C for 1 h and filtering. A reaction mixture of soluble starch, buffer, and enzyme solution was maintained at 35 °C and monitored periodically by iodine coloration. The reaction endpoint was defined as the absence of blue color. Liquefaction power (X₇) was calculated using Equation (7):
 				(7)
where V₁ and V₂ are glucose standard volumes (mL).

2.4 Statistical Analysis
All physicochemical measurements were performed in triplicate. Data were processed using Microsoft Excel 2019. Statistical significance was assessed using one-way ANOVA in GraphPad Prism 10.2, followed by Duncan’s multiple range test. Results are expressed as mean ± SD. Differences were considered statistically significant at P ≤ 0.05 (), highly significant at P < 0.01 (), and extremely significant at P < 0.001 ().

3. results and discussion

3.1 Moisture Content
Moisture is a fundamental determinant of Daqu quality, influencing microbial proliferation, enzymatic activity, and the overall stability of the starter (Zhong et al., 2024). Excessive moisture promotes microbial spoilage and undesirable metabolite formation, whereas insufficient moisture suppresses the growth and metabolic function of beneficial thermophilic and mesophilic microorganisms essential for fermentation (Adhikari, 2024). As shown in Figure 1, the black Daqu exhibited significantly higher moisture content compared to both the white and yellow Daqu, while the latter two showed no significant difference. This elevation in moisture for black Daqu may be linked to post-production handling or suboptimal storage conditions that permitted moisture absorption.


Figure 1: Moisture content of Daqu with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
Moisture content also affects physical characteristics such as porosity and texture, which directly influence heat transfer, water activity, and enzymatic diffusion during the fermentation of Baijiu and other traditional products. The observed differences align partly with previous literature: Cui et al., (2025) reported moisture ranges of 9.5–14.5%, comparable to the white and yellow Daqu in the present study, while Zhang et al., (2025) documented higher values of 16.5–20.5%, similar to those measured in black Daqu. Such discrepancies underscore the influence of raw materials, environmental conditions, and storage practices on moisture dynamics in Daqu production.

3. 2 Acidity
Acidity is a critical indicator of Daqu fermentation status and a central factor shaping microbial ecology. Organic acids generated during fermentation particularly via acidogenic bacteria metabolizing carbohydrates, lipids, and proteins through the TCA cycle, contribute to the characteristic pH range of 3.5–5.5 typically associated with Daqu (Zhao et al., 2025). As shown in Figure 2, the yellow Daqu exhibited the highest acidity, followed by black Daqu, while the white Daqu had the lowest value.


[bookmark: _Toc166707449]Figure 2: Acidity of Daqu with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
Variations in acidity may be attributed to differences in fermentation duration, raw material composition, microbial succession, and environmental conditions governing organic acid accumulation (He et al., 2024). Storage factors such as humidity and temperature fluctuations can further modulate acid content over time. In functional terms, acidity plays a dual role: promoting the growth of desirable acid-tolerant microorganisms (e.g., lactic acid bacteria) while suppressing spoilage organisms, thereby regulating fermentation kinetics and flavor development.

3.3 Starch Content
Starch serves as a vital substrate for microbial metabolism in Daqu, providing the carbohydrates required for enzymatic hydrolysis and subsequent fermentation (Jiang et al., 2025). Amylases produced by fungi and bacteria convert starch into fermentable sugars, which drive microbial growth and flavor precursor formation. In Figure 3, starch content did not differ significantly among the three Daqu types; values ranged from 0.40 g/100 g in white and black Daqu to 0.43 g/100 g in yellow Daqu. These levels correspond closely to the 0.3–0.5% range documented by Zhang et al. (2018).


[bookmark: _Toc166707450]Figure 3: Starch content of Daqu samples with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
Other studies have reported broader starch ranges (0.5–0.8%; Li et al., 2019), highlighting how production parameters, raw material variability, and enzymatic activities shape starch retention. Differences among studies are expected given Daqu’s artisanal production, environmental exposure during incubation, and microbial diversity. Starch availability determines fermentable sugar yields, influencing Baijiu aroma formation and fermentation efficiency; thus, understanding starch fluctuations can aid in optimizing Daqu processing strategies.

3.4 Amylose Content
Amylose, a linear polymeric starch fraction, strongly influences starch functionality particularly gelatinization behavior, viscosity, and retrogradation (Wang L. et al., 2025). As shown in Figure 4, amylose content did not significantly differ among the white, black, and yellow Daqu samples. Stable amylose levels suggest a relative uniformity in raw material quality and starch composition across the three Daqu types.


[bookmark: _Toc166707451]Figure 4: Amylose content of Daqu samples with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
Although no differences were observed, amylose content remains relevant because it can modulate enzymatic accessibility to starch, influencing saccharification efficiency and microbial utilization (Zhang T. et al, 2025). In downstream fermentation, amylose affects the rheology and structure of the fermentation matrix, potentially shaping texture and metabolic pathways. Literature indicates that higher amylose can reduce starch digestibility and alter water absorption characteristics (Liu et al., 2025). Therefore, even subtle variations in amylose could influence Daqu fermentation behavior, although this was not evident in the present sample set.

3.5 Amino Acid Nitrogen
Amino acid nitrogen reflects the degree of protein degradation and the availability of nitrogenous compounds essential for microbial metabolism and enzymatic synthesis (Song et al., 2025). As shown in Figure 5, no significant difference was observed among the Daqu samples. Proteins and peptides serve as precursors for volatile flavor compounds and support microbial growth during the complex solid-state fermentation involved in Baijiu production.


[bookmark: _Toc166707452]Figure 5: Amino acid nitrogen content of Daqu samples with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.

Proteolysis in Daqu releases free amino acids that participate in Maillard reactions and microbial metabolism, influencing the aroma complexity of the final product. Previous studies (Li et al., 2019) highlight the strong relationship between proteolytic microbial communities and flavor generation. Although the Daqu samples demonstrated similar amino acid nitrogen levels, this uniformity does not diminish the role of nitrogenous substrates; rather, it suggests similar degrees of protein hydrolysis or comparable raw material protein content across samples.

3.6 Saccharification
Saccharification power indicates the ability of Daqu enzymes to convert starch into fermentable sugars, a crucial determinant of Baijiu fermentation efficiency (Bai et al., 2025). As illustrated in Figure 6, white and black Daqu exhibited similar saccharification capacities, while the yellow Daqu showed significantly lower values. This reduced saccharification activity in yellow Daqu may stem from differences in microbial composition, enzyme yield, or raw material characteristics.


[bookmark: _Toc166707453]Figure 6: Saccharification Power of Daqu of with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
High saccharification efficiency enhances sugar availability, supporting robust microbial metabolism and influencing both fermentation kinetics and flavor development (Wang et al., 2019). Variability among Daqu types is expected given differences in fungal and bacterial communities, processing techniques, and fermentation temperatures. Prior studies (Wang et al., 2020) emphasize that microbial diversity plays a substantial role in determining enzyme production and, by extension, saccharification outcomes.

3.7 Liquefaction
Liquefaction reflects the initial enzymatic breakdown of starch granules into dextrin, preparing substrates for downstream saccharification (Zhang et al., 2025). As shown in Figure 7, liquefaction power did not differ significantly among the three Daqu types. This indicates consistent liquefaction-related enzyme activity which is likely α-amylases across the samples. Although not discriminatory in this study, liquefaction remains vital to overall Daqu maturity and functionality.


[bookmark: _Toc166707454]Figure 7: Liquefaction Power of Daqu samples with different colors
Where *, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; ***, p < 0.001. The concentration level is represented on the Y-axis, while the distinct Daqu samples are displayed on the X-axis.
Wang et al. (2019) emphasize that liquefaction enzyme activity plays a foundational role in shaping microbial succession and modulating the spectrum of flavor compounds generated during fermentation. Although the liquefaction values in the present study did not differ significantly among the Daqu samples, these metrics nonetheless provide an essential baseline for interpreting downstream fermentation behavior. Uniform liquefaction capacity suggests that the initial breakdown of starch into soluble dextrins proceeds at a comparable rate across all Daqu types, thereby allowing observed differences in later fermentation stages, such as saccharification efficiency, microbial community shifts, or volatile metabolite formation, to be attributed to other physicochemical or microbial factors rather than disparities in liquefaction performance. In this way, even similarity in liquefaction activity contributes critical context for understanding the mechanistic pathways through which Daqu characteristics influence fermentation quality.


4. Conclusion

This study systematically evaluated the physicochemical characteristics of high-temperature Daqu of different colors white, black, and yellow and clarified how these attributes shape their potential fermentation quality. By examining key indices including moisture content, acidity, starch and amylose levels, amino acid nitrogen, saccharification power, and liquefaction ability, the research provides a comprehensive understanding of how Daqu color reflects underlying biochemical and microbial dynamics.
The results demonstrate that moisture and acidity present the most pronounced differences among Daqu types. Black Daqu exhibited significantly higher moisture content, likely influenced by storage conditions, while yellow Daqu showed the highest acidity, consistent with its reputed maturity and enriched microbial metabolism. These variations are critical, as moisture governs microbial stability and enzymatic efficiency, whereas acidity modulates microbial succession and flavor precursor formation. In contrast, starch content, amylose proportion, amino acid nitrogen, and liquefaction power did not differ significantly among the three Daqu types, suggesting comparable substrate availability and protein-derived nitrogen sources for microbial growth. However, saccharification power showed a distinct reduction in yellow Daqu, indicating color-associated differences in amylolytic enzyme activity that may influence sugar release and early-stage fermentation kinetics.
Taken together, the findings highlight that Daqu color is not merely a visual characteristic but a meaningful indicator of physicochemical behavior with direct implications for fermentation performance. Moisture dynamics, acidity development, and saccharification efficiency emerge as the principal attributes differentiating white, black, and yellow Daqu, reflecting variations in production conditions, microbial ecology, and maturation levels. Understanding these characteristic differences provides a scientific basis for optimizing Daqu selection in Baijiu fermentation, improving consistency in fermentation quality, and guiding targeted adjustments in raw material handling, storage, and production parameters. Future studies integrating microbial community profiling and metabolite analysis with physicochemical measurements will further elucidate the mechanisms through which Daqu color influences aroma formation and overall Baijiu quality.
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