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Baijiu is a traditional distilled liquor unique to China. Its distinctive flavor is shaped by the synergistic activity of complex microbial communities, among which yeasts play a central role in sugar metabolism, ethanol fermentation, and aroma synthesis. In recent years, the advancement of isolation and cultivation techniques, high-throughput sequencing, metagenomics, and multi-omics technologies has deepened our understanding of yeast community compositions, succession patterns, and functional characteristics during Baijiu brewing. Among these, Saccharomyces cerevisiae was recognized as the core ethanol-producing species and has been extensively studied for its metabolic traits and stress tolerance in Baijiu fermentation. Studies have shown that, in addition to S. cerevisiae, non-Saccharomyces yeasts such as Pichia, Wickerhamomyces, Saccharomycopsis, Kazachstania, and Candida et al. are widely distributed across strong-, sauce-, and light-flavor Baijiu and their respective starters (Daqu), exhibiting robust ester-producing capacities and stress resistance. These yeasts occupy distinct ecological niches throughout fermentation stages and engage in dynamic and environment-dependent interactions with lactic acid bacteria, molds, and other microbes. This review systematically summarizes yeast diversity, community structure, metabolic traits, key functional genes, microecological interactions, recent discoveries of novel yeast species, and advances in genetic engineering in Baijiu brewing. It further highlights future research priorities, including multi-omics integration, functional exploration of non-Saccharomyces yeasts, and synthetic biology-guided strain development, with the goal of supporting high-quality and intelligent Baijiu production.
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Introduction

Baijiu is one of the six major distilled liquors globally. Its distinctive aroma types, diverse flavor profiles, and deep cultural heritage confer it a significant role in the global alcoholic beverage market. Baijiu production is characterized by traditional Chinese techniques, using solid-state fermentation with Daqu or Xiaoqu as saccharifying and fermenting starters. The production process includes starter making, fermentation, distillation, and aging. Among these, traditional solid-state fermentation is central, featuring dynamic microbial succession and metabolism on solid substrates (grains), forming a unique microecosystem that underlies Baijiu’s characteristic flavor profile.

Over the past two decades, rapid progress in sequencing technologies has yielded deeper insights into microbial community structure, succession dynamics, metabolic functions, and microbial interactions during traditional Baijiu fermentation. To identify research hotspots, we searched the Web of Science database using “Baijiu” as a keyword and retrieved 2,616 publications from the past 20 years. Keyword analysis and co-occurrence network construction using VOSviewer revealed “yeast,” “microorganism,” “microbial community,” “metabolism,” and “flavor compounds” as central research themes. Among these, yeast emerged as one of the most frequently investigated microbial groups (Figure 1A), underscoring its pivotal role in traditional solid-state Baijiu fermentation.
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FIGURE 1
 Keyword co-occurrence network highlighting yeast-related research themes in Baijiu studies (A) and species-level co-occurrence network of yeasts identified in Baijiu fermentation literatures (B).


In this system, yeasts serve not only as the primary ethanol producers during alcoholic fermentation but also play critical roles in synthesizing various flavor compounds. Early researches primarily focused on the metabolic traits of Saccharomyces cerevisiae and established it as the core yeast species in Baijiu production. However, with the integration of amplicon sequencing, metagenomics, cultivation techniques, and multi-omics techniques, it has become evident that non-Saccharomyces yeasts are also ubiquitous in traditional fermentation ecosystems. These include Candida spp., Pichia spp., Kazachstania spp., Wickerhamomyces spp., and Issatchenkia spp. et al. (Figure 1B). These non-Saccharomyces yeasts occupy specific ecological niches at different fermentation stages and interact with molds, Bacillus, lactic acid bacteria (LAB), actinomycetes, and other microbes to co-participate in key metabolic processes including starch degradation, glycolysis, ethanol production, organic acid metabolism, and flavor substance generation.

Furthermore, yeast community structure and function vary substantially across three basic Baijiu types (strong-, sauce-, light-flavor) and their corresponding Daqu (medium-, high-, and low-temperature types). In strong-flavor Baijiu fermentation, S. cerevisiae is dominant, but non-Saccharomyces yeasts such as Pichia kudriavzevii and Wickerhamomyces anomalus also contribute to ethanol and flavor production at particular stages (Hu X. et al., 2020; Guan et al., 2020). Especially during late stage of fermentation, acid- and ethanol-tolerant non-Saccharomyces yeasts become predominant, displaying clear succession dynamics (Dong et al., 2024a). In sauce-flavor Baijiu, characterized by high temperatures and anaerobic conditions, thermotolerant yeasts such as Pichia spp., Saccharomyces spp., and Candida spp., gradually dominate, cooperating with other microbes in substrate breakdown and flavor production (Li et al., 2022; Hao et al., 2021). In light-flavor Baijiu, typically fermented in ground-based pits, yeast communities show distinct spatial and temporal patterns. Non-Saccharomyces yeasts like Pichia fermentans, W. anomalus, and Hanseniaspora uvarum dominate specific stages, contributing to characteristic ester formation such as ethyl acetate and ethyl lactate (Cai et al., 2022; Huang et al., 2020; Luo et al., 2023).

From a microecological standpoint, yeasts form mutualistic relationships with LAB and molds. Yeast-derived metabolites like ethanol and organic acids support their own growth and provide substrates or adjust pH to facilitate LAB proliferation (Chen et al., 2022; Kang et al., 2024). Conversely, LAB suppress spoilage microbes by acidifying the environment, thereby stabilizing yeast populations. Such interactions may transition between mutualism and competition depending on physicochemical conditions such as pH, temperature, and substrate gradients, reflecting the adaptive flexibility of the fermentation microbiome. This “co-metabolism–competition–mutualism” model maintains ecological balance and enhances flavor compound accumulation. For instance, S. cerevisiae dominates ethanol production in early to mid-fermentation, while non-Saccharomyces yeasts such as Pichia spp. and Candida spp. produce medium-chain fatty acids, alcohols, and esters in late stages, enriching the complex Baijiu aroma. With advances in omics, novel yeast species have been identified from Baijiu and starter environments. For example, Starmerella fangiana f.a. sp. nov., isolated from Daqu-making regions, exhibits strong capacity for ester and medium-chain fatty acid synthesis (Wei et al., 2024). Genetic engineering has further enhanced yeast functionality, including overexpression of EHT1 to boost ethyl caproate production and construction of high ethyl acetate-producing S. cerevisiae strains via CRISPR/Cas9 (Chen et al., 2014; Sun et al., 2025).

Despite these advances, challenges persist: amplicon sequencing lacks species-level resolution, functional studies on non-Saccharomyces yeasts are limited, and omics datasets remain fragmented. This review thus comprehensively summarizes yeast diversity, community composition, metabolic function, ecological interactions, and engineering potential in strong-, sauce-, and light-flavor Baijiu and their associated Daqu. Special emphasis is placed on yeast functional roles and cooperative networks, offering theoretical and practical guidance for targeted yeast application in Baijiu fermentation.



Diversity and community composition of yeasts

In traditional Baijiu brewing systems, yeasts are one of the core microbial groups. They not only dominate the alcoholic fermentation process but also work synergistically with other microbes to synthesize flavor compounds and maintain ecological stability (Ma et al., 2024). In recent years, the integration of technologies such as denaturing gradient gel electrophoresis (DGGE), high-throughput sequencing (HTS), quantitative PCR (qPCR), metagenomics, transcriptomics, and culturomics has gradually elucidated the taxonomic composition, spatial distribution, dynamic succession, metabolic functions, and ecological interactions of yeast communities in Baijiu fermentation systems (Fan et al., 2023; Qin et al., 2024). Especially in studies of different Baijiu aroma types (strong-, sauce-, and light-flavor Baijiu) and their corresponding Daqu, yeast community structure and function have been shown to vary significantly depending on fermentation temperature, brewing processes, production cycle, environmental factors, and geographical conditions (Yao et al., 2022; Li et al., 2024). This section provides a detailed review of the composition, succession patterns, functional differences, and interactions of yeasts in strong-flavor, sauce-flavor, and light-flavor Baijiu and their associated Daqu.


Yeasts in strong-flavor Baijiu

Strong-flavor Baijiu is the most widely produced and consumed Baijiu type in China, with well-known brands including Wuliangye, Luzhou Laojiao, and Yanghe. Its brewing processes are characterized by traditional crafts of “mud-pit solid-state fermentation” and “usage of medium-temperature Daqu.” The unique fermentation environment of the pit, characterized by high moisture, strong reductivity, elevated acidity, and prolonged fermentation cycles, creates optimal ecological conditions for fostering yeast diversity and facilitating its functional manifestation (Liu et al., 2021; Liu X. et al., 2023). The yeasts in strong-flavor Baijiu primarily originate from Daqu, the fermentation environment, pit mud microecology, raw materials, and brewing equipment, forming a community structure characterized by “multi-source input then dynamic succession” (Hu X. et al., 2020; Guan et al., 2020; Zhang et al., 2021).

Traditionally, S. cerevisiae has been considered the predominant yeast species in strong-flavor Baijiu fermentation due to its strong glycolytic capacity and ethanol-producing efficiency, and it plays a critical role in ethanol accumulation and aroma formation (Dong et al., 2024a; Duan et al., 2024; Qiu et al., 2024a). However, recent studies have revealed the widespread presence of non-Saccharomyces yeasts in the system, including P. kudriavzevii, W. anomalus, Kazachstania exigua, Clavispora lusitaniae, Issatchenkia orientalis, Zygosaccharomyces bailii, Candida ethanolica, and Torulaspora delbrueckii (Table 1) (Duan et al., 2024; You et al., 2021; Liu et al., 2021). Despite differences in abundance, these non-Saccharomyces yeasts exhibit diverse metabolic capacities and ecological roles, which vary significantly at the species level. For instance, P. kudriavzevii is known for its high production of acetic acid and ethyl acetate (Dong et al., 2024a), contributing to fruity and solvent-like aroma notes depending on concentration. In contrast, K. exigua is primarily involved in acid regulation through lactic acid production, thereby modulating environmental pH and shaping microbial succession (Dong et al., 2024a). Such genus- and species-specific functional niches extend beyond broad labels like “ester producers” and highlight the intricate division of labor among non-Saccharomyces yeasts in strong-flavor Baijiu fermentation. These functional specializations ultimately enhance microbial synergy and contribute to the complexity and stability of the fermentation system (Hu X. et al., 2020; You et al., 2021; Liu et al., 2021; Pang et al., 2023).


TABLE 1 Comprehensive summary of yeast taxonomic composition and functional traits in the brewing of strong-, sauce-, and light-flavor Baijiu and their associated Daqu.

	Category
	Yeast genus
	Dominant yeast genus and abundance
	Yeast species
	Dominant yeast species and abundance
	Functional traits at species level
	References

 

 	Strong-flavor Baijiu 	Saccharomyces, Pichia, Wickerhamomyces, Kazachstania, Clavispora, Issatchenkia, Zygosaccharomyces, Hanseniaspora, Candida, Torulaspora 	Saccharomyces (~30%), Pichia (~16%), Wickerhamomyces (10–20%), Kazachstania (~20%) 	S. cerevisiae, P. kudriavzevii, W. anomalus, K. exigua, C. lusitaniae, I. orientalis, Z. bailii, C. ethanolica, and T. delbrueckii 	S. cerevisiae (~30%), P. kudriavzevii (~20%), W. anomalus (10–15%), K. exigua (12–18%) 	S. cerevisiae: High ethanol and ethyl acetate production; P. kudriavzevii: Enhances flavor complexity, acid tolerance; W. anomalus: Antimicrobial and ester synthesis; K. exigua: Acid prodution and yeast regulation 	Duan et al. (2024), You et al. (2021), Liu et al. (2021), Hu X. et al. (2020), Pang et al. (2023), Qiu et al. (2024a), Dong et al. (2024a)


 	Strong-flavor Daqu 	Saccharomyces, Pichia, Wickerhamomyces, Issatchenkia, Geotrichum, Saccharomycopsis, Yarrowia, Hanseniaspora, Kazachstania 	Saccharomyces (~25%), Pichia (~20%), Wickerhamomyces (~40%) 	S. cerevisiae, P. kudriavzevii, W. anomalus, I. orientalis, P. fermentans, G. candidum, S. fibuligera, Y. lipolytica, H. uvarum, and K. barnettii 	S. cerevisiae (~25%), P. kudriavzevii (~10–15%), W. anomalus (~40%) 	S. cerevisiae: Ethanol producer, glucose conversion; P. kudriavzevii: Contributes to organic acid metabolism and esters; W. anomalus: Produces ethyl acetate and enhances aroma complexity 	Pu et al. (2021), Yan et al. (2019a), Gou et al. (2015), Ren et al. (2024)


 	Sauce-flavor Baijiu 	Saccharomyces, Pichia Issatchenkia, Wickerhamomyces, Schizosaccharomyces, Zygosaccharomyces, Candida, Kazachstania 	Saccharomyces (~10%), Pichia (~35%), Zygosaccharomyces (~25%), Schizosaccharomyces (~15%) 	S. cerevisiae, P. kudriavzevii, I. orientalis, W. anomalus, S. fibuligera, Z. bailii, C. humilis, and K. exigua 	S. cerevisiae (~10%), P. kudriavzevii (~28), Z. bailii (~25%), S. pombe (~15%) 	S. cerevisiae: Ethanol producer; involved in ester and higher alcohol formation; P. kudriavzevii: Ethanol, and ethyl acetate production; Z.bailii: Highly acid- and ethanol-tolerant; involved in lactic acid and acetic acid regulation; S. pombe: contributes to acidity balance 	Chen et al. (2025), Meng et al. (2015), Wu et al. (2012), Song et al. (2017), Li et al. (2022), Sun et al. (2012), Song et al. (2020)


 	Sauce-flavor Daqu 	Saccharomyces, Pichia, Wickerhamomyces, Saccharomycopsis, Hanseniaspora, Candida, Debaryomyces, Zygosaccharomyces 	Saccharomyces (~6%), Pichia (~20%), Wickerhamomyces (~25%), Candida (~15%) 	S. cerevisiae, P. kudriavzevii, W. anomalus, S. fibuligera, H. uvarum, C. stellata, D. hansenii, and Z. bailii 	S. cerevisiae (~6%), P. kudriavzevii (~16%), W. anomalus (~25%), C. stellata (~15%) 	S. cerevisiae: Produces ethanol and esters; P. kudriavzevii: Ethyl acetate production; W. anomalus: Ethyl acetate producer, aroma enhancer; C. stellata: Contributes to flavor complexity 	Cai et al. (2021), Fan et al. (2024), Liu et al. (2012), Wu et al. (2023), Yi et al. (2019)


 	Light-flavor Baijiu 	Saccharomyces, Pichia, Wickerhamomyces, Candida, Issatchenkia, Kazachstania, Torulaspora 	Saccharomyces (~30%), Wickerhamomyces (~30%), Candida (~10%) 	S. cerevisiae, P. kudriavzevii, W. anomalus, C. tropicalis, I. orientalis, K. exigua, and T. delbrueckii 	S. cerevisiae (~30%), W. anomalus (~30%), C. tropicalis (~10%) 	S. cerevisiae: Produces ethanol and esters, key fermentative yeast; W. anomalus: Ethyl acetate producer, aroma enhancer; C. tropicalis: Contributes to flavor complexity 	Cai et al. (2022), Chen et al. (2022), Wang and Xu (2019), Li et al. (2011), Huang et al. (2020), Xue et al. (2023)


 	Light-flavor Daqu 	Saccharomyces, Pichia, Wickerhamomyces, Candida, Saccharomycopsis, Issatchenkia, Meyerozyma 	Saccharomyces (~35%), Wickerhamomyces (~15%), Candida (~20%) 	S. cerevisiae, P. kudriavzevii, W. anomalus, C. guilliermondii, S. fibuligera, I. orientalis, and M. guilliermondii 	S. cerevisiae (~35%), W. anomalus (~15%), C. guilliermondii (~20%) 	S. cerevisiae: Participates in ethanol and ester formation; W. anomalus: Enhances aroma via ester and higher alcohol production; C. guilliermondii: Involved in glucose fermentation and ethyl acetate production 	Zheng et al. (2012), Hu et al. (2021), Li R. Y. et al. (2018), Shi et al. (2009), Xiang et al. (2023)




 

The yeast community in strong-flavor Baijiu displays distinct stage-dependent succession patterns. Duan et al. (2024) observed that non-Saccharomyces yeasts such as Kazachstania, Issatchenkia, Pichia, Clavispora, and Geotrichum dominated throughout the fermentation process, while S. cerevisiae appeared transiently around day 10, temporarily establishing dominance before being re-displaced by non-Saccharomyces species, forming a pattern that non-Saccharomyces became dominant, then S. cerevisiae was transient advantage, and non-Saccharomyces reoccupied. This succession pattern closely correlated with changes in pH, temperature, and reducing sugar levels. You et al. (2021) reported that K. exigua dominated in early fermentation, modulating environmental acidity via lactic acid production and influencing subsequent microbial succession. S. cerevisiae reached peak abundance during mid-fermentation (days 8–16), corresponding with efficient ethanol production, while Geotrichum silvicola became dominant in the later stage, though its special function remains to be clarified. Moreover, in newly established pits, non-Saccharomyces yeasts maintained longer dominance, whereas older pits showed earlier establishment of S. cerevisiae as the dominant species (Zhang et al., 2021).

Functionally, different yeast species exhibited pronounced metabolic differences. S. cerevisiae showed a strong capacity for synthesizing ethanol and medium-chain fatty acid esters, particularly ethyl caproate (Dong et al., 2024a). Qiu et al. reported that S. cerevisiae shows excellent tolerance to organic acids and high ethyl caproate capability (Qiu et al., 2024a). Subsequent co-cultivation of this strain with Clostridium spp. in strong-flavor Baijiu fermentation further boosted ethyl caproate yields (Qiu et al., 2024b; Qiu et al., 2025). P. kudriavzevii was noted for its strong capacity to produce acetic acid and ethyl acetate (Dong et al., 2024a). Both K. bulderi and K. exigua exhibited prominent roles in organic acid metabolism (You et al., 2021; Dong et al., 2024a). Duan et al. (2024) found that C. lusitaniae tolerates ethanol concentrations up to 15% and could synthesize multiple fruity esters such as ethyl palmitate, ethyl octanoate, ethyl elaidate, ethyl phenylacetate, and ethyl valerate.



Yeasts in strong-flavor Daqu

Strong-flavor Daqu, also referred to as medium-temperature Daqu (typically prepared at 50–55 °C), serves as the saccharification and fermentation starter in strong-flavor Baijiu production. It is characterized by a complex microbial community structure and diverse ecological functions. The relatively high temperature during preparation, open production environment, and variation in raw materials collectively shape a unique yeast community, laying the foundation for flavor precursor formation and a stable microecological system during subsequent fermentation (Ren et al., 2024). In recent years, researchers have employed high-throughput sequencing and culture-based techniques to investigate the community composition, succession dynamics, and functional traits of yeasts in strong-flavor Daqu.

S. cerevisiae is one of the most frequently detected dominant yeast in strong-flavor Daqu, consistently found in a wide range of samples (Pu et al., 2021; Yan et al., 2019a; Gou et al., 2015). In addition, P. kudriavzevii is another prevalent species, with its relative abundance reported to exceed 40% in certain Daqu samples (Yang et al., 2018). Other commonly occurring yeasts include W. anomalus, I. orientalis, P. fermentans, Geotrichum candidum, Saccharomycopsis fibuligera, Yarrowia lipolytica, H. uvarum, and Kazachstania barnettii, which together form the core yeast diversity structure of strong-flavor Daqu (Table 1) (Pu et al., 2021; Ren et al., 2024; Yan et al., 2019b; Gou et al., 2015).

During Daqu preparation and storage, yeast communities undergo marked dynamic changes. Yan et al. (2019b) systematically investigated yeast succession in strong-flavor Daqu, revealing that S. cerevisiae proliferated rapidly in the early phase, while P. kudriavzevii and W. anomalus became dominant at later stages. Yang et al. (2018) reported that P. kudriavzevii peaked during the heating phase, accounting for 43.2% of the total fungal abundance, indicating its strong thermotolerance and high-sugar adaptation. Ren et al. (2024) observed a gradual decline in the abundance of W. anomalus during storage, suggesting its primary role occurs in fresh Daqu, where it contributes to ester synthesis and enzyme activity.

Functionally, yeasts in strong-flavor Daqu not only facilitate ethanol production but also directly affect the production of flavor compounds and enzymatic activities essential to fermentation. Li et al. (2020) demonstrated that fortified inoculation with S. cerevisiae, Hyphopichia burtonii, and C. lusitaniae significantly enhanced the production of volatile compounds such as ethyl caproate and ethyl acetate. Gou et al. (2015) reported that S. fibuligera exhibited high amylase and protease activities, playing a crucial role in saccharification and flavor precursor accumulation. Pu et al. (2021) isolated 11 yeast strains from strong-flavor Daqu and assessed their capacities for sugar-alcohol conversion, ester biosynthesis, and environmental adaptability, highlighting the strong ester-producing potential of Y. lipolytica and W. anomalus. Liu S. et al. (2023) further proposed that the yeasts inoculation source from environmental or mature Daqu could substantially reshape the yeast community structure in newly prepared Daqu, providing a theoretical support for targeted microbial control strategies.



Yeasts in sauce-flavor Baijiu

Sauce-flavor Baijiu, characterized by its sophisticated production techniques and extended manufacturing period, is distinguished by its unique “three-high” processes: high-temperature Daqu preparation, high-temperature stacking fermentation, and high-temperature distillation. Notable exemplars of this liquor category comprise the prestigious Moutai and Langjiu brands. The production approach involves complex procedures, extended fermentation cycles, and a highly diverse microecosystem. The fermentation processes are typically divided into two stages: stacking fermentation and pit fermentation, overall lasting about 37 days and repeated across eight fermentation rounds and seven liquor withdrawals. Throughout the entire cycle, a wide range of microbes are involved, among which yeasts play crucial roles in ethanol production, flavor compound biosynthesis, and ecological balance regulation (Wang, 2022).

S. cerevisiae is the most frequently detected dominant yeast species in sauce-flavor Baijiu fermentation, exhibiting strong sugar-fermenting ability and high ethanol tolerance (Chen et al., 2025; Meng et al., 2015; Wu et al., 2012). In addition, P. kudriavzevii, I. orientalis, W. anomalus, and S. fibuligera are commonly present (Table 1), with P. kudriavzevii displaying high metabolic activity and adaptability across various fermentation rounds and regions (Song et al., 2017; Li et al., 2022). Moreover, thermotolerant and stress-resistant yeasts such as Z. bailii, Candida humilis, and K. exigua demonstrate strong ecological adaptability (Table 1), remaining viable and metabolically active under the high-temperature and high-osmotic conditions of the stacking environment (Wu et al., 2012; Sun et al., 2012; Song et al., 2020).

During the eight rounds of alternating stacking and pit fermentation, the microbial community undergoes dramatic succession in response to time and environmental shifts. Chen et al. (2025) observed that during the first round of stacking fermentation, the initial yeast community was dominated by environmental species such as S. fibuligera and T. delbrueckii, which was subsequently replaced by S. cerevisiae and P. kudriavzevii as fermentation progressed. Hao et al. (2021) tracked the early fermentation phase using high-throughput sequencing and identified temperature and acidity as the key environmental drivers of yeast succession. Under conditions of elevated temperature and low water activity, Z. bailii and H. uvarum showed strong environmental resilience and were positively associated with the accumulation of volatile flavor compounds.

Yeasts are major contributors to the biosynthesis of key flavor compounds in sauce-flavor Baijiu, including higher alcohols, organic acids, and esters. Wu et al. (2015) reported that regulating the saccharification rates could significantly affect the aroma formation pathway of S. cerevisiae, improving the efficiency of ester metabolism. Meng et al. (2015) further showed that co-culturing S. cerevisiae with Bacillus licheniformis significantly increased the yeild of ethyl caproate and ethyl lactate, highlighting the potential metabolic synergy between yeast and bacteria. Moreover, yeasts such as Pichia manshurica, Debaryomyces hansenii, and T. delbrueckii exhibited strong abilities to produce flavor precursors, and their consistent presence across multiple fermentation rounds suggests their potential as functional strains for improving Baijiu quality (Sun et al., 2012; Chen et al., 2025).

The origins of yeasts in sauce-flavor Baijiu showed distinct environmental and regional specificity. Zhou et al. (2024) noted that airborne microbes are important external sources of yeasts in both surface Daqu and pit fermentation environments. Species such as I. orientalis and W. anomalus were continuously detected in workshop air, suggesting their long-term persistence in the brewing environment through a “back-pit accumulation” mechanism. Furthermore, some yeasts, including K. exigua and Candida krusei, were enriched in pit-bottom mud and residual raw materials, forming “secondary starter communities” that laid the microbial foundation for next fermentation round (Wang et al., 2016; Wu et al., 2013).



Yeasts in sauce-flavor Daqu

Sauce-flavor Daqu, also known as high-temperature Daqu, is prepared under the highest temperature conditions among traditional starter types, with peak fermentation temperatures reaching 60–65 °C and high-temperature stages lasting up to 48 h or more. These extreme conditions impose intense selective pressure on the microbial community, allowing only thermotolerant, acid-tolerant, and osmotolerant yeasts to survive and function effectively in this system.

S. cerevisiae is widely distributed and plays a vital role in sauce-flavor Daqu due to its thermotolerance and efficient glycolytic capacity. It is particularly active during the temperature rise period, where it rapidly consumes reducing sugar and proliferation, making it one of the core functional yeasts in this system (Liu et al., 2012; Wang et al., 2008; Zhu et al., 2023). In addition to S. cerevisiae, a variety of non-Saccharomyces species (Table 1), including P. kudriavzevii, W. anomalus, S. fibuligera, H. uvarum, Candida stellata, D. hansenii, and Z. bailii, are also widespread and demonstrate strong ecological adaptability, contributing significantly to the yeast diversity of sauce-flavor Daqu (Fan et al., 2024; Yi et al., 2019; Zhu et al., 2023).

The production of Daqu involves multiple stages, including sampling, stacking, heating, turning, and storage, during which microbial communities undergo dynamic succession. In the early stages, environmental yeasts such as P. kudriavzevii and S. fibuligera dominate; as the temperature rises, thermophilic species like S. cerevisiae and W. anomalus become increasingly abundant (Fan et al., 2024; Shi et al., 2022). Shi et al. (2022) further observed that the high-temperature core regions are mainly enriched with thermotolerant S. cerevisiae and rare yeasts species such as Candida allociferrii, while the cooler marginal regions harbor more environmental yeasts like H. uvarum, highlighting pronounced spatial heterogeneity. Comparative studies of mature Daqu types (white, yellow, and black) have shown that Pichia and Candida were dominant genera, with the highest yeast diversity observed in yellow Daqu, possibly due to its moderate temperature and humidity that favor yeast growth (Deng et al., 2020; Dong et al., 2024b).

Yeasts in sauce-flavor Daqu not only need to withstand high temperatures but also execute critical metabolic functions under these extreme conditions. Wu et al. (2023) performed transcriptomic analyses and revealed that under heat stress, S. cerevisiae and S. fibuligera showed significantly upregulate genes involved in heat shock protein synthesis and membrane stability, reflecting specialized thermotolerance strategies. S. fibuligera also exhibits strong hydrolytic enzyme activity, particularly amylase and protease, and is regarded as a key functional yeast during high-temperature saccharification (Zhu et al., 2023). P. kudriavzevii and W. anomalus possess strong aroma-producing capabilities, contributing to the formation of higher alcohols and esters, thus playing essential roles in flavor development. Z. bailii showed distinct gene expression related to amino acid metabolism, pyruvate breakdown, and fatty acid biosynthesis, indicating its potential metabolic contribution to the formation of Daqu’s flavor precursors (Yi et al., 2019).

The yeast community in Daqu is shaped not only by the wheat-based raw materials but also by the surrounding processing environment. Cai et al. (2021) found that yeast composition is influenced by multiple environmental factors, including fermentation temperature, ventilation, turning frequency, and room-level microecology. Fan et al. (2024) emphasized that air, tools, and turning personnel are important sources of yeast introduction. They recommended applying environmental microbial control techniques, such as air filtration and heated flooring, to promote the stable colonization of target yeasts in the production environment.



Yeasts in light-flavor Baijiu

Light-flavor Baijiu is characterized by its clean and pure aroma, mild sweetness, smooth mouthfeel, and refreshing aftertaste. It is one of the earliest Baijiu aroma types to achieve industrialization and standardized production in China, with representative products including Fenjiu (Shanxi) and Hengshui Laobaigan (Hebei). This style of Baijiu typically adopts ground-jar fermentation, characterized by relatively short fermentation periods (28–45 days), with the microbial community structure primarily shaped by Daqu and natural environmental inoculation.

S. cerevisiae is the predominant yeast species in light-flavor Baijiu fermentation and is consistently present throughout all fermentation stages, playing a key role in ethanol production and primary flavor development (Cai et al., 2022; Chen et al., 2022; Wang and Xu, 2019). Additionally, various non-Saccharomyces yeasts such as P. kudriavzevii, W. anomalus, Candida tropicalis, I. orientalis, K. exigua, and T. delbrueckii have been reported (Table 1). These yeasts exhibit distinct ecological adaptability and metabolic activities at different fermentation stages and contribute significantly to the formation of characteristic light-flavor Baijiu aromas (Li et al., 2011; Huang et al., 2020; Xue et al., 2023).

The ground-jar fermentation system, with its periodic cycles and stratified feeding processes, led to a clear stage-dependent variation in yeast community composition. Wang and Xu (2019) found that Pichia species dominated in the early stages of fermentation, while S. cerevisiae gradually became dominant as the environment acidified. Cai et al. (2022) further revealed structural differences between yeast communities in the upper and lower layers of the fermented grains: the lower layer was enriched in acid- and ethanol-tolerant strains such as S. cerevisiae, whereas the upper layer harbored aroma-producing yeasts like Kazachstania humilis and Hanseniaspora osmophila. The succession of yeast communities is mainly driven by environmental factors such as temperature, acidity, and moisture (Kang et al., 2022).

Functionally, different yeast species exhibit significant division of labor during light-flavor Baijiu fermentation. Chen et al. (2022) isolated multiple strains of P. kudriavzevii, W. anomalus, and S. cerevisiae from fermented grains and found distinct differences in their capacities to synthesize alcohols, esters, and acids. Their synergistic interactions were critical for developing the typical aroma of light-flavor Baijiu. Furthermore, I. orientalis and Cyberlindnera meyerae were highly active in organic acid metabolism (especially lactic acid and pyruvate), suggesting a dual role in ecological modulation and flavor ester biosynthesis, such as ethyl acetate and ethyl lactate (Huang et al., 2020; Luo et al., 2023). Yeast species like as D. hansenii, T. delbrueckii, and Z. bailii observed across multiple fermentation cycles, participating in the production of higher alcohols and thereby enhancing aroma complexity of light-flavor Baijiu (Wang and Xu, 2019).

From a microecological perspective, yeasts in light-flavor Baijiu often form mutualistic relationships with LAB. Chen et al. (2022) found that S. cerevisiae inhibited undesirable microbial growth and created a favorable environment for LAB development. Meanwhile, organic acids produced by P. kudriavzevii and W. anomalus helped regulate the microbial balance and enhanced system stability. Xue et al. (2023) conducted metagenomic analyses and showed that yeasts are highly active in pathways related to amino acid degradation, fatty acid biosynthesis, and glycolysis, and their metabolic cooperation with LAB further promotes flavor compound accumulation.



Yeasts in light-flavor Daqu

Light-flavor Daqu, also known as low-temperature Daqu, is typically prepared at 45–50 °C. Unlike the medium-temperature Daqu used in strong-flavor Baijiu or the high-temperature Daqu in sauce-flavor Baijiu, low-temperature Daqu features moderate temperature and has a relatively short fermentation cycle of 25–30 days. The main raw material is wheat, and the Daqu blocks are produced by natural stacking fermentation in fermentation rooms, allowing yeast communities to undergo succession in a relatively mild environment.

S. cerevisiae is widely present in light-flavor Daqu and is generally considered a dominant species, primarily responsible for sugar metabolism, ethanol production, and the formation of primary flavor compounds (Zheng et al., 2012; Hu et al., 2021). Non-Saccharomyces yeasts such as P. kudriavzevii, W. anomalus, Candida guilliermondii, S. fibuligera, I. orientalis, and Meyerozyma guilliermondii also play key roles during Daqu fermentation (Table 1), particularly in starch hydrolysis, organic acid metabolism, and flavor compound biosynthesis (Li R. Y. et al., 2018; Shi et al., 2009; Xiang et al., 2023). Notably, species like M. guilliermondii has only been found in some light-flavor Daqu samples, which show strong regional specificity and suggesting that yeast community composition is strongly affected by the geographic environment of Daqu production (Xiang et al., 2023).

The composition of microbial communities in light-flavor Daqu is influenced by multiple factors including raw materials, water quality, climate, production technology, and environmental microecology. Xiang et al. (2023) compared Daqu samples from Taiyuan (Shanxi) and Suizhou (Hubei) and found that yeast community diversity differed significantly between regions. S. cerevisiae and P. kudriavzevii dominated in samples from Shanxi, while S. fibuligera and K. humilis were more abundant in samples from Hubei, indicating that ecological and process differences jointly shape the yeast community. Zheng et al. (2014) also reported that in the low-temperature Daqu used for Fenjiu, yeast communities were more easily established and stabilized in high-moisture, low-temperature environments, and that flipping frequency and drying procedures during Daqu making significantly affected community succession speed and dominance patterns.

In addition to ethanol production, yeasts in light-flavor Daqu also actively participate in saccharification, precursor transformation, and synthesis of characteristic flavor compounds. S. fibuligera has strong amylase and protease activities and is recognized as a typical saccharifying yeast (Hu et al., 2021). W. anomalus and P. kudriavzevii show outstanding capabilities in ester and alcohol biosynthesis, particularly in producing ethyl acetate and ethyl lactate (Li R. Y. et al., 2018; Zheng et al., 2023). Transcriptomic analysis by Zheng et al. (2023) revealed that S. cerevisiae and D. hansenii upregulated genes related to glycolysis and fatty acid biosynthesis during the high-sugar phase of Daqu fermentation, suggesting their roles in sugar and lipid metabolism. C. guilliermondii and I. orientalis were involved in the synthesis of pyrroles, furans, and other secondary metabolites, contributing to the aromatic complexity of light-flavor Baijiu (Shi et al., 2009).

From a microecological perspective, yeasts in light-flavor Daqu interact closely with molds (e.g., Aspergillus oryzae) and bacteria (e.g., Lactobacillus plantarum). Pan et al. (2022) used metatranscriptomics to show that yeasts such as W. anomalus and Cyberlindnera jadinii upregulate metabolic pathways of some organic acids to enhance acid tolerance and stabilize LAB within Daqu blocks. Luo et al. (2022) proposed a “yeast–LAB co-fermentation model,” suggesting that S. cerevisiae regulates ethanol and higher alcohol levels to support LAB growth, while organic acids produced by LAB, in turn, promote ester-producing functionality in yeasts.




Evolution, phenotypic and metabolic characteristics

Yeasts play a dominant role in Baijiu brewing due to their unique metabolic capabilities and environmental adaptability, particularly in ethanol production and the biosynthesis of various flavor compounds. The evolution and differences in phenotypic and metabolic traits directly influence Baijiu’s flavor profile, product stability, and process controllability. In recent years, with the rapid development of omics technologies, researches on yeast metabolite profiles, environmental adaptation mechanisms, and key functional genes has deepened significantly.


Evolutionary origin and domestication of yeasts in Baijiu ecosystems

Yeasts in Baijiu fermentation have undergone remarkable evolutionary divergence under the unique conditions of traditional solid-state fermentation, including high temperatures, acidic environments, ethanol accumulation, and close microbial interactions. Among these, Saccharomyces cerevisiae is widely recognized as the core ethanol-producing species and has experienced lineage-specific domestication shaped by both natural selection and long-term human practices.

Multiple genomic and ecological studies support East Asia, particularly China, as the center of origin and domestication for S. cerevisiae. Duan et al. (2018) demonstrated that Chinese strains diverged into distinct clades associated with solid- and liquid-state fermentations, likely from admixed wild ancestors. Lee et al. (2022) further revealed deeply divergent pre-domesticated lineages in Taiwan forests, suggesting a complex history of natural diversity prior to fermentation-driven selection. Large-scale population analyses by Loegler et al. (2024) uncovered four superclades of S. cerevisiae, Wine, Beer, Asian Fermentation, and Wild, with Baijiu-related strains forming a polyploid, heterozygous cluster within the Asian Fermentation clade. These populations exhibit adaptive traits including heat resistance, acid tolerance, and flavor compound biosynthesis. Peris et al. (2023) expanded this framework by illustrating macroevolutionary divergence across the Saccharomyces genus, driven by geography and fermentation ecology. In addition to S. cerevisiae, non-Saccharomyces yeasts such as Wickerhamomyces, Pichia, Zygosaccharomyces, and newly described taxa, play important roles in Baijiu production. Hu et al. (2025) emphasized the phylogenetic novelty and ecological plasticity of yeasts isolated from ethnic minority fermented foods, including environments analogous to Daqu. This suggests that non-conventional yeasts may also undergo domestication-like selection within high-stress fermentation niches. Sampaio and Pontes (2025) proposed that yeast domestication is a continuum shaped by ecological constraints, bottlenecks, and gene flow. In Baijiu, this process manifests through metabolic specialization, genome plasticity, and population differentiation linked to substrate type, fermentation style, and cultural practices. Together, these findings highlight Baijiu fermentation as both a cradle and crucible of yeast evolution. It preserves wild diversity while promoting adaptive innovation, offering a valuable model for studying microbial domestication in traditional food systems.



Metabolite profiles and flavor contributions of yeasts

A key metabolic feature of yeasts in Baijiu fermentation is their capacity to synthesize aroma compounds. S. cerevisiae produces ethanol, ethyl acetate, ethyl lactate, higher alcohols, and short-chain fatty acids via glycolysis and fatty acid metabolism pathways (Zhang et al., 2024; Yang et al., 2022). For example, the strain S. cerevisiae strain NJ002, isolated from high-temperature Daqu, exhibited strong ester-producing capacity, efficiently generating ethyl acetate and ethyl caproate (Wang Y. et al., 2023). Dong et al. isolated S. cerevisiae FJ1-2 from fermented grains of strong-flavor Baijiu, which produced medium-chain fatty acids and esters, reaching 10.5 mg/L of ethyl caproate in a sorghum juice medium (Dong et al., 2024a).

Non-Saccharomyces yeasts also play crucial roles in flavor formation. Strains such as P. kudriavzevii, Pichia anomala, W. anomalus, Candida parapsilosis, Z. bailii, Kazachstania bulderi, S. fibuligera, and Schizosaccharomyces pombe contribute to diverse aroma profiles. For example, P. kudriavzevii FJ1-3, isolated from strong-flavor Baijiu, demonstrated high tolerance to 45 °C and strong acetic acid and ethyl acetate production (Dong et al., 2024a). P. anomala was identified as a high ethyl acetate-producing strain, with optimized fermentation yielding 4.812 g/L of ethyl acetate (Chen et al., 2011). Wang et al. (2020) reported that adding W. anomalus Y3604 in Baijiu fermentation significantly increased ethyl acetate and ethyl caproate levels while reducing higher alcohol. C. parapsilosis exhibited strong biosynthesis ability for ethyl caproate and ethyl lactate, making it a promising functional strain (Wang et al., 2024). Z. bailii produced phenylethanol, γ-valerolactone, ethyl benzoate, and other aromatic compounds through multiple pathways, enriching the aroma complexity of Baijiu (Xu et al., 2017). K. bulderi displayed acid tolerance and modulated the yeast community to favor high ethyl caproate yields with low ethyl acetate production in strong-flavor Baijiu (Dong et al., 2024a). S. fibuligera, frequently found in Daqu, significantly increased ethanol and total ester levels when fortified application in Baijiu fermentation (Su et al., 2020).



Environmental adaptability and stress-tolerant phenotypes of yeasts

In traditional solid-state fermentation systems, yeasts face stressors such as high temperature, acidity, and ethanol concentration. Their ability to survive and function under these conditions reflects diverse stress-tolerant phenotypes. Lu et al. isolated a strain of S. cerevisiae from the typical Maotai production environment in sauce-flavor Baijiu and named it MT1. This strain showed remarkable stress tolerance under conditions of pH 2.0, 16% ethanol, and temperatures up to 44 °C (Lu et al., 2015). P. kudriavzevii, a representative acetic acid-tolerant yeast, maintained intracellular homeostasis through the upregulation of membrane transporter genes, while also exhibiting strong ethanol-producing capacity under acetic acid condition of pH 2.73 (Wang N. et al., 2023). Z. bailii is particularly resistant to both lactic acid and high ethanol concentrations. Wei et al. (2023) found that Z. bailii alleviated acid stress by activating intracellular proline and serine synthesis pathways, and maintained mitochondrial function and respiratory chain activity, making it an excellent functional strain for environments with multiple stresses. S. pombe tolerated 10 g/L acetic acid and responded to stress by upregulating genes such as ACCAT1, HMGCS1, and HMGCR1, which were involved in acetate metabolism (Song et al., 2019). To better compare stress tolerance traits across ecosystems, we summarized key phenotypic characteristics of representative non-Saccharomyces yeasts in Table 2. This table highlights species-specific acid and thermal tolerances, their ecological origin, and dominant metabolic functions. The compilation demonstrates how these yeasts adapt to distinct fermentation conditions in strong-flavor, sauce-flavor, and light-flavor Baijiu production, further revealing their complementary ecological roles and potential applications.


TABLE 2 Functional traits of representative non-Saccharomyces yeasts in Baijiu ecosystems.

	Species
	Ecosystem
	Acid tolerance (pH)
	Thermotolerance (°C)
	Key functional traits
	References

 

 	Pichia kudriavzevii 	Strong-flavor Baijiu yellow-water 	pH < 3.0 	Thermotolerant (~45 °C) 	Acetic acid resistance (up to 12 g/L) 	Wang N. et al. (2023)


 	Zygosaccharomyces bailii 	Sauce-flavor Baijiu 	pH ~ 3.2 	Moderate 	Lacetic acid resistance (up to 50 g/L) 	Wei et al. (2023)


 	Schizosaccharomyces pombe 	Sauce-flavor Baijiu 	pH < 3.0 	Moderate 	Acetic acid resistance (up to 10 g/L) 	Song et al. (2020)


 	Kazachstania exigua 	Strong-flavor Baijiu 	pH ~ 3.5 	Moderate 	Acid modulation 	You et al. (2021)


 	Wickerhamomyces anomalus 	Sauce-flavor Daqu 	pH < 4.0 	Thermotolerant (~45 °C) 	Ester formation; Antibacterial activity 	Kang et al. (2024), Li et al. (2024)


 	Issatchenkia orientalis 	Strong-flavor pit mud 	pH < 4.0 	Moderate 	Ester production 	Wang and Xu (2019)


 	Saccharomycopsis fibuligera 	Light-flavor Daqu 	Neutral 	Moderate 	Amylase; Starch degradation 	Su et al. (2020), Zhang et al. (2024)


 	Hanseniaspora uvarum 	Sauce-flavor Daqu 	Neutral 	Low 	Aroma enhancement (fruity) 	Li et al. (2022)


 	Torulaspora delbrueckii 	Various Daqu 	Neutral 	Moderate 	Flavor enhancement; mixed fermentation 	Li et al. (2024)


 	Yarrowia lipolytica 	Strong-flavor Daqu 	Neutral 	Moderate 	Fatty acid synthesis 	Pu et al. (2021)




 



Carbohydrate, amino acid, and lipid metabolism of yeasts

Yeasts differ in substrate utilization and metabolic flux. S. fibuligera exhibits potent saccharolytic and proteolytic capabilities, facilitating the hydrolysis of starch and proteins into fermentable sugars and amino acids. This metabolic activity significantly enhances the substrate utilization efficiency of Daqu during fermentation (Zhang et al., 2024). I. orientalis synthesizes distinctive sulfurous metabolites, including 3-methylthiopropanol, when cultured in sulfur-enriched amino acid substrates. This biochemical activity contributes significantly to the flavor complexity and aromatic diversity of Baijiu fermentation (Zha et al., 2017). Genomic and transcriptomic analysis of S. cerevisiae strain MT1 by Lu et al. (2015) revealed elevated expression of critical enzyme-encoding genes, including β-galactosidase, fructokinase, and lipase. This genetic profile enables the strain to efficiently utilize diverse carbon sources (e.g., glucose, fructose, lactose, and lipids), thereby facilitating vigorous alcoholic fermentation in complex substrate environments.



Functional genes and metabolic pathway analysis of yeasts

Advances in yeast genomics and transcriptomics have progressively revealed critical metabolic pathways and regulatory genes involved in Baijiu brewing. In S. cerevisiae, the alcohol acetyltransferase-encoding genes ATF1 and ATF2 demonstrate temperature- and pH-dependent expression patterns, directly modulating ethyl acetate production and consequently influencing ester profiles and yields (Yang et al., 2022). Genomic studies of Z. bailii have identified multiple gene clusters associated with the phenylethanol biosynthesis pathway, indicating their potential for precise modulation of this key aromatic compound (Xu et al., 2017). Thiol metabolism studies revealed that S. cerevisiae genes STR3 (cysteine β-lyase) and CYS3 (cystathionine β-synthase) coordinately regulate 2-furfurylthiol (2-FFT) biosynthesis - a potent aroma-impacting compound (Zha et al., 2017). These genetic elements present valuable targets for flavor engineering in Baijiu production.



Advances in artificial selection and functional optimization of yeasts

Recent studies have increasingly focused on isolating and functionally enhancing yeast strains from traditional fermentation systems to improve aroma production, stress tolerance, and substrate utilization efficiency. For instance, Zhang et al. (2024) screened a S. cerevisiae mutant with high 3-methylthiopropanol production and significantly enhanced its yield through optimized amino acid substrate availability and pH regulation. Similarly, Li P. et al. (2017) demonstrated that co-inoculating W. anomalus and S. fibuligera in Daqu systems could synergistically elevate esterase and amylase activities, providing a novel approach for constructing functionally tailored microbial consortia. In another breakthrough, Zhao et al. isolated Candida sp. ZY002, an ethyl caproate-producing strain, achieving a titer of 170.56 mg/L through fermentation optimization. When applied in fortified Daqu, this strain significantly increased ethyl caproate levels in fermented grains (Zhao et al., 2024). Further advancing this field, Qiu et al. (2024a) identified S. cerevisiae YS219, a high-performance strain capable of producing 61.11 g/L ethyl caproate. Implementation of YS219 in fermentation boosted total ester and ethanol contents by 44.3 and 188.4%, respectively, with ethyl caproate reaching 214.367 mg/kg, a 34 mg/kg increase over controls. These studies collectively demonstrate the tremendous potential of targeted yeast selection and metabolic optimization for enhancing Baijiu quality and production efficiency. These advances in strain selection and functional enhancement not only demonstrate the applied potential of phenotypic and metabolic insights, but also provide essential groundwork for subsequent genetic engineering strategies. The following sections will further explore the discovery of novel yeast species and the molecular tools used to enhance their functionality in Baijiu fermentation.




Discovery and characterization of novel yeast species

The application of advanced microbial taxonomy and molecular biology techniques has led to the identification of numerous novel yeast species from Baijiu fermentation environments. These discoveries significantly expand our understanding of microbial diversity in traditional fermentation systems while providing new insights into their functional roles in flavor development, ecological adaptation, and potential biotechnological applications.

Lei et al. (2022) isolated Moniliella aeria sp. nov. from the brewing workshop air at Wuliangye (Yibin, Sichuan Province), this black yeast demonstrates robust metabolic capabilities, efficiently utilizing sucrose, xylose, and mannose. Its thermotolerance (30–37 °C), moderate ethanol resistance, and adaptability to high-sugar, high-humidity conditions suggest long-term survival potential in fermentation environments and possible ecological contributions. Wei et al. (2024) reported the isolation of Starmerella fangiana f.a. sp. nov. from Daqu production regions in Sichuan. This species exhibits broad substrate utilization (glucose, fructose, mannose) and produces flavor-active esters and medium-chain fatty acid esters. Its remarkable tolerance to high temperatures and osmotic stress highlights its potential as a functional starter culture. Zhen et al. (2025) isolated a novel species Ascoidea xinghuacunensis sp. nov. from the historical brewing site of Xinghuacun in Shanxi Province. Here, the first Ascoidea species was reported from Chinese Baijiu environments (Xinghuacun, Shanxi). This strain thrives in slightly acidic to neutral pH and may contribute to aldehydes, ketones, and carboxylic acid formation. Its phylogenetic uniqueness and aroma-modulating potential make it valuable for both evolutionary studies and industrial applications.



Genetic engineering and functional enhancement of yeasts

With the development of genetic engineering and synthetic biology, researchers have increasingly explored genetic modification strategies to enhance yeast functions during Baijiu fermentation. These efforts aim to improve aroma productivity, stress resistance, and the biosynthetic efficiency of target metabolites. Such studies not only enrich the applications of brewing microbes but also provide powerful tools for precise flavor modulation in Baijiu production.


Regulation of ester compound synthesis

Ester compounds, including ethyl acetate, ethyl lactate, ethyl butyrate, and ethyl caproate are critical flavor compounds in Baijiu, contributing significantly to Baijiu flavor profiles. Recent advances in metabolic engineering have enabled precise regulation of their biosynthesis. Chen et al. (2014) demonstrated that overexpression of the EHT1 combined with knockout of FAA1 significantly increased the yield of ethyl caproate by redirecting acyl-CoA flux. Further refinement in ester synthesis control was achieved by Cui et al. (2018), who developed a PGK1 promoter library for tunable expression of key enzymes, allowing quantitative adjustment of ethyl acetate levels. For broader ester profile modulation, Li et al. (2017a, 2017b) implemented a modular strategy involving BAT2 deletion coupled with overexpression of alcohol acetyltransferase genes (ATF1 and ATF2), enabling directed biosynthesis of diverse esters to meet specific aroma requirements.



Biosynthesis of non-traditional metabolites

Beyond traditional esters, metabolic engineering has facilitated the production of novel flavor-active compounds in Baijiu. Hu et al. successfully introduced a heterologous monoterpene pathway into S. cerevisiae, enabling de novo biosynthesis of D-limonene, which is a compound with both aromatic and potential health-promoting properties (Hu Z. et al., 2020). Similarly, Cui et al. (2020) engineered S. cerevisiae for enhanced synthesis of 2,3,5,6-tetramethylpyrazine (TMP), a neuroprotective compound that also contributes roasted and nutty flavor notes, through optimization of precursor supply and elimination of competing pathways.



Carbon flux modulation for targeted flavor substances

Strategic manipulation of central carbon metabolism has proven effective for boosting specific flavor compounds. Li W. et al. (2018) optimized higher alcohol production by fine-tuning the expression of key pyruvate kinase (PYK1) and alcohol dehydrogenase (ADH1) in glycolysis, resulting in elevated levels of butanol and isoamyl alcohol. In parallel, Ren et al. (2020) improved ethyl lactate yield by disrupting competing pathways and introducing a heterologous lactate esterification module, thereby enhancing the fruity and acidic flavor characteristics of Baijiu.



Integrated strain improvement strategies

The convergence of genome editing and classical breeding techniques has opened new avenues for yeast strain development. Sun et al. (2025) employed CRISPR/Cas9-mediated ploidy engineering to construct polyploid S. cerevisiae strains with enhanced ethyl acetate production and improved stress resistance. These strains not only exhibited superior ester synthesis capacity but also demonstrated remarkable tolerance to fermentation-associated stresses, including low pH and elevated temperature. Such integrated approaches highlight the potential of combining cutting-edge genetic tools with traditional microbiological methods to develop robust, high-performance starter cultures for Baijiu production.




Conclusions and future perspectives

As a hallmark of traditional Chinese fermentation technology, Baijiu production relies on intricate microbial interactions to develop its characteristic aroma profiles. Yeasts serve as pivotal catalysts in this system, with S. cerevisiae remaining the core functional species (Figure 2A), while non-Saccharomyces yeasts (Pichia spp., Wickerhamomyces spp., Saccharomycopsis spp., Kazachstania spp., Candida spp., Issatchenkia spp. et al.) demonstrate expanding roles in ester/alcohol production, volatile biosynthesis, stress tolerance, and cross-species co-metabolism (Figure 2B). Our bibliometric analysis reveals ten key research hotspots (Figure 3) that collectively map the evolution from fundamental discovery to application: (1) Sampling and yeast strain isolation, (2) High-throughput sequencing, (3) Community composition and diversity, (4) Functional prediction and metabolic association, (5) Functional identification of key yeasts, (6) Genome sequencing and annotation of yeasts, (7) Functional validation of genes, (8) Metabolic engineering and targeted modification, (9) Yeast breeding and industrial-scale amplification, and (10) Intelligent brewing process optimization and application. This progression mirrors the field’s maturation from descriptive ecology to predictive systems biology. Future research priorities should address:

[image: Chart A is a pie chart showing yeast distribution in Baijiu brewing. Saccharomyces cerevisiae comprises 35 percent, Pichia spp. 18 percent, and Wickerhamomyces spp. 13 percent. Others include Saccharomycopsis spp. 10 percent, Kazachstania spp. 10 percent, Candida spp. 8 percent, Issatchenkia spp. 6 percent, and Others 23 percent. Chart B is a bar chart showing the number of yeast strains by function: Esters production (28), Alcohols production (22), Volatiles production (19), Stress tolerance (14), and Co-metabolism (11).]

FIGURE 2
 Distribution of yeasts in Baijiu brewing (A) and key functional classification of yeasts (B) in this review.


[image: Network diagram showing interconnected nodes related to yeast research and applications. Nodes include “Function prediction and metabolic association,” “Sampling and yeast strain isolation,” “Genome sequencing and annotation of yeasts,” “High-throughput sequencing,” “Functional validation of genes,” “Intelligent brewing process optimization and application,” “Metabolic engineering and targeted modification,” “Yeast breeding and industrial-scale amplification,” “Community composition and diversity,” and “Functional identification of key yeasts.” Each node is connected by lines, indicating relationships.]

FIGURE 3
 Research workflow and hotspots of yeasts in Baijiu brewing. Here, the main top 10 hotspots were showed as follow. (1) Sampling and yeast strain isolation, (2) high-throughput sequencing, (3) community composition and diversity, (4) functional prediction and metabolic association, (5) functional identification of key yeasts, (6) genome sequencing and annotation of yeasts, (7) functional validation of genes, (8) metabolic engineering and targeted modification, (9) yeast breeding and industrial-scale amplification, (10) intelligent brewing process optimization and application.



Exploration, functional evaluation, and establishment of yeast repository

It is well recognized that current cultivation techniques limit our ability to culture only about 1–5% of microbial diversity. As a representative of extreme fermentation environments characterized by high acidity and ethanol concentrations, Baijiu brewing undoubtedly harbors a wealth of undiscovered microbial resources, particularly yeast strains. Systematic exploration of these resources, especially novel species and functionally unique yeasts, will significantly enrich both the diversity and functional capacity of available yeast collections, providing core strains for Baijiu production. With the continuous discovery of novel and functionally important yeast strains, there is an urgent need to establish dedicated preservation platforms and standardized evaluation systems. These should comprehensively assess key characteristics including temperature/sugar/acid/ethanol tolerance, ester/alcohol production profiles, aroma compound synthesis, and novel bioactive compound generation. Such efforts will facilitate the transition from resource discovery to practical application, while advancing consumer experiences from mere enjoyment to comfort and health-conscious consumption.



Unlocking application potentials of yeast resources

Following the establishment of yeast repositories, it is essential to explore the broader application potential of Baijiu-derived yeast strains beyond conventional ethanol fermentation. Many strains, especially non-Saccharomyces yeasts such as Rhodotorula, Wickerhamomyces, Pichia, and Zygosaccharomyces, possess biosynthetic capabilities for producing high-value compounds. These include bulk fermentation chemicals (e.g., higher alcohols, organic acids), bioactive peptides, natural colorants (e.g., carotenoids), antioxidants, and other functional metabolites. This metabolic versatility makes them promising candidates for use in food preservation, functional foods, cosmetics, pharmaceuticals, and clean-label ingredient production. Future research should integrate phenotype screening with multi-omics analysis and bioprocess engineering to identify and optimize strains with desirable metabolic outputs. These efforts will not only expand the industrial utility of traditional fermentation yeasts but also align with the growing demand for sustainable, functional, and culturally-rooted microbial biomanufacturing.



Advancing diversity characterization

Current understanding of yeast communities remains constrained by the limitations of amplicon sequencing, which typically provides genus-level resolution and relative abundance data. This approach hinders precise identification at species/subspecies/strain levels and prevents meaningful cross-sample comparisons of absolute microbial abundance, particularly critical in Baijiu’s high-acidity environment where rapid microbial succession occurs. Moreover, growing evidence indicates substantial intraspecific diversity within dominant yeast species such as S. cerevisiae and other non-Saccharomyces. Strains from different ecological or geographic origins often exhibit significant variation in ethanol production, stress tolerance, and metabolic outputs, reflecting lineage-specific adaptation and domestication. Recognizing and characterizing this strain-level diversity is crucial for understanding functional differentiation and fermentation performance in Baijiu ecosystems. Future research should employ quantitative amplicon sequencing integrated with culturomics, metagenomics, metatranscriptomics, and metabolomics to accurately determine absolute yeast populations and functional dynamics. Such multi-omics approaches will enable fine-scale resolution of “strain-function-niche” relationships and reveal succession patterns and key functional pathways throughout fermentation.



Integrated engineering strategies for strain improvement

Future yeast optimization must transcend traditional mutagenesis or single-gene modifications by developing synthetic biology platforms incorporating CRISPR/Cas systems, high-throughput multi-trait screening, systems metabolic engineering, and synthetic chromosome design. While these technologies enable precise metabolic flux control and systematic optimization for specific aroma profiles, practical application requires careful consideration. Engineered strains must demonstrate long-term adaptability and functional stability under natural fermentation conditions before industrial deployment, necessitating rigorous ecological validation alongside laboratory characterization.



Toward systemic fermentation control

Comprehensive understanding requires integrating yeast studies with bacterial and fungal co-metabolism networks. Developing unified “community-metabolic network-flavor output” models through metabolic flux analysis (MFA), stable isotope tracing (13C), metabolomics, and quantitative sequencing will quantify critical pathways and microbial dynamics. Combining these with synthetic microbial consortia construction, microecological regulation strategies, and functional community evaluation will enable directed, intelligent, and health-conscious Baijiu production. However, the introduction of engineered strains or synthetic microbial communities into Baijiu fermentation, deeply rooted in tradition, faces considerable challenges. Traditional Baijiu is not only a product of microbial metabolism but also a cultural artifact shaped by inherited techniques, sensory expectations, and artisanal craftsmanship. Introducing exogenous functional strains may disrupt native micro-ecological balances and provoke resistance from producers and consumers alike. Therefore, any modernization strategy must strike a careful balance between functional optimization and cultural preservation. Future applications should prioritize minimal intervention strategies, such as precision modulation of native strains or guided succession using indigenous consortia, to ensure both technological advancement and heritage continuity. This systems-level approach will provide the microbiological foundation and technological support needed for intelligent brewing processes and global market expansion.
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