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Luzhou-flavoured liquor is one of Chinese most popular distilled liquors. Hundreds of flavoured components have been detected from this liquor, with esters as its primary flavouring substance. Among these esters, ethyl hexanoate was the main component. As an essential functional microbe that produces ethyl hexanoate, yeast is an important functional microorganism that produces ethyl hexanoate. The synthesis of ethyl hexanoate in yeast mainly involves the lipase/esterase synthesis pathway, alcohol transferase pathway and alcohol dehydrogenase pathway. In this study, whole-genome sequencing of W. anomalus Y-1 isolated from a Chinese liquor fermentation starter, a fermented wheat starter containing brewing microorganisms, was carried out using the Illumina HiSeq X Ten platform. The sequence had a length of 15,127,803 bp with 34.56% GC content, encoding 7,024 CDS sequences, 69 tRNAs and 1 rRNA. Then, genome annotation was performed using three high-quality databases, namely, COG, KEGG and GO databases. The annotation results showed that the ko7019 pathway of gene 6,340 contained the Eht1p enzyme, which was considered a putative acyltransferase similar to Eeb1p and had 51.57% homology with two known medium-chain fatty acid ethyl ester synthases, namely, Eht1 and Eeb1. Ethyl hexanoate in W. anomalus was found to be synthesised through the alcohol acyltransferase pathway, while acyl-coenzyme A and alcohol were synthesised under the catalytic action of Eht1p. The results of this study are beneficial to the exploration of key genes of ester synthesis and provide reference for the improvement of liquor flavoured.
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INTRODUCTION

Luzhou-flavoured liquor, with thousands of years of history, is a typical traditional distilled liquor in China (Zheng et al., 2015a,b; Jin et al., 2017). The fermentation of this liquor involves the use of sorghum as raw material, a mixed steaming process and medium-temperature Daqu as saccharifying and fermentation agent. This liquor has a rich cellar, sweet, mellow and harmonious fragrance (Qiu et al., 2016). Its main flavour component is ethyl hexanoate, and the right amount of ethyl butyrate, ethyl acetate and ethyl lactate constitute the compound aroma (Wei et al., 2020). These aromas are usually inferred to be formed by the exceptional microbial environment during brewing (Zou et al., 2018). The production of Luzhou-flavoured liquor usually consists of four stages (Liu and Sun, 2018). The first stage is the cultivation of the pit mud. An excellent pit mud is an essential condition for the production of high-quality Luzhou-flavoured liquor (Lu et al., 2020). The second stage is the production of Daqu, as the liquor saccharifying and fermentation agent (Li et al., 2019). Daqu, which resembles a brick in appearance, is a spontaneous fermentation product in an open environment and is an important fermenting agent in the fermentation of liquor (Jin et al., 2017). Daqu contains a variety of microorganisms and a variety of hydrolytic enzymes (Ling et al., 2020). It is generally accepted that the fermentation of liquor is initiated by the interaction of these enzymes, and the activity of these enzymes is an important test indicator in the production process (Zhang et al., 2019). The next stage is brewing, cooking pulverised raw materials, cooling and then the addition of Daqu for saccharification leading to fermentation. Finally, the original liquor is stored and blended to reduce the pungency and irritation of the new liquor. Blending can adjust the proportion of each component in the liquor. The addition of Daqu during the fermentation of Chinese liquor and the influence of different pit mud result in liquor with different flavour substances (He et al., 2019b; Yang et al., 2020). Due to differences in the natural environment, the flavour of Baijiu varies significantly from region to region and the specific action of different microorganisms affects the composition of the enzyme system in the fermentation grains and thus the formation of esters. Daqu provides an important source of microorganisms for the fermentation process and is a key factor in the quality and style of China liquor (He et al., 2019a).

According to the characteristics of liquor fermentation, it can be divided into three stages (Cheng et al., 2017; Yin et al., 2020). The first stage is the primary fermentation stage, which is the production of ethanol. The second stage is the biogenic acid stage. In addition to the generation of alcohol and sugar, a large number of organic acids are produced during this stage. The third stage is the production of aromas, which are produced by the interaction of microorganisms in the pit mud and daqu. The flavour analysis of China liquor revealed that ethanol and water accounted for 98% of the total mass and flavour substances accounted for 2% (Liu and Sun, 2018). Flavour substances mainly include alcohols, esters, aldehydes, ketones, acids, pyrazines, etc. (Hong et al., 2020). Esters account for more than 60% of the total flavour substances, and most esters have a low odour threshold but contribute more to the odour. In addition to this, these esters can affect the taste of China liquor together with acids and alcohols. Different types and concentrations of esters therefore have a crucial influence on the flavour of baijiu. The ester-producing yeast has been identified as one of the important microbe affecting the content of esters in liquor (Xu et al., 2017; Wang et al., 2019).

Studies have shown that esters are synthesised by the lipase/esterase pathway (Wang et al., 2008), alcohol transferase pathway (Wolter et al., 1966) and alcohol dehydrogenase pathway (Kusano et al., 1998). The lipase/esterase synthesis pathway, namely, the esterification reaction pathway, is the most common pathway used to generate esters in liquor (Papamichael, 2013). This process refers to the slow reaction of organic acids and alcohols to form esters. The acyltransferase pathway is the main synthesis pathway of ethyl hexanoate in Saccharomyces cerevisiae (Furukawa et al., 2003). The alcohol dehydrogenase pathway is the oxidation of hemiacetals to esters. At present, Zygosaccharomyces rouxii (Rojo et al., 2017), Pichia anomala (Zhang et al., 2014), Kluyveromyces marxianus (Reyes-Sánchez et al., 2020), Saccharomycopsis fibuligera (Yang et al., 2020), Wickerhamomyces anomalus (Wang et al., 2020) and other yeasts have been reported to have high esterification capacity, but the esterification mechanism of some yeasts has not been revealed. Nowadays, whole-genome sequencing has been a reliable tool for gene annotation and analysis to understand microbial metabolism, and many important results have been achieved (Wang et al., 2018).

In this study, a strain of Wickerhamomyces anomalus (named Y-1) with a high yield of ethyl hexanoate was isolated from a Chinese liquor fermentation starter. Then, whole-genome sequencing was performed using the second-generation sequencer, Illumina HiSeq X Ten platform. The obtained genome sequence was assembled and annotated. Genome annotation was performed based on three high-quality databases, namely, the Clusters of Orthologous Groups of proteins (COG), Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene Ontology (GO) databases. Finally, the ethyl hexanoate biosynthesis pathway of the W. anomalus Y-1 was analysed, facilitating the design and construction of the industrial strains.



MATERIALS AND METHODS


Raw Materials and Culture Medium

The Chinese liquor fermentation starter was provided by Songhe Liquor Co., Ltd. (Zhoukou City, Henan Province, China), the starter is a medium-temperature Daqu and the maximum temperature during the manufacture of Daqu is less than 60°C.

The yeast screening medium consisted of glucose (20 g/l), peptone (5 g/l), agar (20 g/l) and amoxicillin (1 g/l).

The yeast extract peptone dextrose (YEPD) medium contained peptone (20 g/l), yeast extract (10 g/l), glucose (20 g/l) and agar (20 g/l).

The ester production medium consisted of yeast extract (1 g/l), glucose (10 g/l), peptone (20 g/l), (NH4) 2SO4 (0.1 g/l), KH2PO4 (0.1 g/l), MgSO4 (0.1 g/l), CaCl2 (0.1 g/l) and NH4Cl (0.2 g/l).

The identification medium for esterase production contained yeast extract (3 g/l), peptone (5 g/l), agar (20 g/l) and 0.1% tributyrin.



Screening of Ester-Producing Yeast

Firstly, yeast was isolated from the Chinese liquor fermentation starter. Add daqu (10 g) to 90 ml sterile water. After shaking well, transfer 1 ml mixture to 9 ml pure water, in a dilution ratio of 10−2. According to this method, the solution was diluted to 10−3, 10−4 and 10−5 in turn. Then, 0.2 ml of the diluted solution was absorbed and spread in the yeast screening medium for each gradient and cultured at 28°C for 2 days. Single colonies were picked and purified on the YEPD plate to screen the ester-producing yeast. The YEPD medium activated the strains preserved on the oblique plane. After activation, the seed solution was inoculated in 100 ml of the ester-producing medium at 10% inoculum size and cultured at 28°C and 120 rpm for 2 days. After yeast culture, the content of total ester in the fermentation broth was determined by the saponification reflux method (Zheng et al., 2015). The screened ester-producing yeast was prepared into the seed liquid, and 2 μl of seed liquid was absorbed and coated on the esterase identification medium with triglyceride and cultured at 28°C for 2 days. Tributyrin is commonly used to screen lipase-producing and esterase-producing strains, and lipase activity is measured by observing the hydrolytic zone on nutrient Agar containing tributyrin (Farooq et al., 2021). In this experiment, by measuring the diameter of yeast colony (d) and the diameter of surrounding transparent ring (D), and calculating their ratio (D/d), to judge the size of yeast ester production capacity.



Identification of Ester-Producing Yeast

The screened strains were streaked on a YPD medium and cultured at 28°C for 2 days. The colony and microscopic morphologies were observed. The DNA was extracted using the Omega Fungal DNA Kit D3390-02 according to the manufacturer’s instructions, and high-quality genomic 18SrDNA was obtained for amplification. Electrophoresis and sequencing of the amplified products were performed. The obtained sequences were compared in the NCBI online software BLAST to determine the strain type. The phylogenetic tree was constructed using the N-J method in MEGA 7.0 software.



Strain Culture and Detection of the Flavoured Components

The strain was cultured in the ester-producing medium. For liquid fermentation, 2% seed liquor was inoculated in the medium and complexed at 28°C for 2 days. The fermentation broth was centrifuged at the end of the culture, and the supernatant was taken to detect the flavoured components.

The flavoured components were extracted using a solid-phase microextraction (SPME) method, with divinylbenzene/carboxy on polydimethylsiloxane (50/30 μm) fibre. The fibre was preconditioned in the gas chromatograph (GC) injection port at 250°C for 30 min, as indicated by the manufacturer. For headspace sampling, each sample (5 ml) was placed in a 20 ml vial and determined using solid-phase microextraction (SPME) coupled with GC-mass spectrometry (MS). The SPME fibre was exposed to the headspace at 50°C for 50 min. After sampling, the SPME fibre was introduced into the GC injector and left for 5 min for the thermal desorption of the analytes (Fan et al., 2011).

GC–MS was carried out using a Thermo Scientific Trace 1,300 Gas Chromatograph coupled to a Thermo Scientific ISO 7000 Single Quadrupole Mass Spectrometer selective detector operating in electron impact mode (ionisation voltage of 70 eV; Thermo Fisher Scientific, Waltham, MA, United States). A DB-WAX capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness, J&W Scientific, USA) was equipped. Ultra-high-purity helium was used as the carrier gas at a constant flow of 1 ml/min. The split ratio was 20:1. The oven temperature was programmed as follows: column temperature starting temperature from 30°C, constant temperature for 1 min; increased rapidly by 4°C to 120°C, constant temperature for 2 min. Then, the SPME fibre volatiles was heated to 210°C at 7°C/min for 6 min. The MS conditions were as follows: ion source temperature, 280°C; transmission line temperature, 215°C; electron ionisation mode, 70 eV; and mass-to-charge (m/z) range, 33–450 in full scan acquisition mode (Ding et al., 2015). The MS spectral database library of the National Institute for Standards and Technology was used to identify the compounds. Tentatively identified compounds also had to fit logically the retention time in the chromatograms. Quantification analysis was performed using 2% n-butyl acetate as an internal standard.



Genome Sequencing

Firstly, the Y-1 strain was cultured in a liquid ester-producing medium to OD600 = 0.7, and the cell genome was extracted by centrifugation. The DNA was extracted using the Omega Fungal DNA Kit D3390-02 according to the manufacturer’s instructions, and NanoDrop was employed to determine the purity and concentration of the samples. The absorbance values at 260 nm and 280 nm were measured. The A260/A280 ratio was more significant than 1.8, indicating that the nucleic acid was more excellent than 90%, which can be used for subsequent sequencing. Qualified samples were prepared for database construction and quality inspection. The eligible gene library was sequenced, and the final data were subjected to quality control procedures.

DNA degradation and contamination were detected using 1% agarose gel. A nanophotometer was used to determine DNA purity. DNA concentration was determined by TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA), and the ultrasonic processor lysed the qualified DNA. The inserted fragment was~350 bp in length. Then, end repair, base addition, sequence adapter addition, purification and PCR amplification were performed to complete the preparation of the 350 bp library. The concentration was diluted to 1 ng/μL for the initial quantification with TBS-380 fluorometer. Then, Agilent 2,100 electrophoresis bioanalyzer was used to verify the size of the inserted fragment of the library, and qPCR was performed to measure the effective quantitative concentration of the library. For the identified libraries, sequencing was performed using Illumina HiSeq X Ten, PE150 (Illumina, San Diego, CA, United States).



Genome Assembly and Annotation

The genome sequence (scaffold) was assembled from clean data that met the requirements after quality control. The assembled sequence was predicted, and the gene information of each sample was obtained (Steinberg et al., 2017). The short sequence assembly software SOAPdenovo v2.041 was used to splice multiple k-mer parameters of the optimised sequence, and the optimal assembly result was obtained. After comparing reads to contig, the assembly results were locally assembled and optimised according to paired-end and overlap relationships. The sequencing reads were cut into smaller units, namely, k-mer. Heterozygosity, repeatability, size, presence of plasmids and genome contamination were assessed by calculating the k-mer depth and the ratio of each depth. The coding sequence (CDS) of the genome was predicted to obtain the nucleic acid sequence and amino acid sequence of the functional genes for subsequent functional and phylogenetic analysis (Zhao et al., 2008).

Basic functional annotations were performed on the predicted encoding genes, and functional annotations were performed with three databases (COG, GO and KEGG databases). Gene annotation was mainly based on the protein sequence alignment. The gene sequence was compared with each database to obtain the corresponding functional annotation information. COG is constructed based on the protein sequences of the completed genome sequencing species (Tatusov, 2001). COG databases can be compared for functional annotation, classification and protein evolution analysis of the predicted proteins. GO standardises the biological terms with different language descriptions and facilitates direct communication among scholars (Vesztrocy and Dessimoz, 2017). GO annotation includes the cellular component, molecular function and biological process. The rich pathway information in the KEGG database facilitates a systematic understanding of the biological functions of genes (e.g. metabolic pathways), genetic information and complex biological processes (e.g. cellular processes; Kanehisa, 2017).




RESULTS AND DISCUSSION


Separation Results of Ester-Producing Yeast

Five yeast strains were isolated and purified from the Chinese liquor fermentation starter, and the strains were denoted as Y-1, Y-2, Y-3, Y-4 and Y-5. The strains were activated to prepare the seed solution. The seed solution was inoculated in the ester-producing medium at 10% inoculation and cultured at 28°C for 2 days. Among the five yeast strains, Y-1 had the highest total ester content, which was significantly higher than the other four strains (Figure 1A). According to the ratio between the diameter of the transparent circle (D) and the diameter of the colony (d), the esterification capacity of yeast was analysed. The greater the ratio, the greater the esterification capacity (Figure 1B). Among the five strains, the Y-1 strain had the most significant ratio of the fine circle diameter to the strain diameter, indicating that the strain had the strongest esterification decomposition and synthesis ability; therefore, the Y-1 strain was selected for follow-up tests.

[image: Figure 1]

FIGURE 1. Determination of total ester content (A) and esterification ability of yeast (B). Different letters indicate significant differences (p < 0.05).




Morphological Observation and Molecular Identification of Wickerhamomyces anomalus Y-1

The colonies of W. Anomalus Y-1 were round, indicating a moist, smooth and typical yeast morphology (Figure 2A). A bud protruding from one end of the cell was observed under a 40× microscope and gradually divided into single cells (Figure 2B).

[image: Figure 2]

FIGURE 2. (A) Y-1 colony morphology; (B) Y-1 morphology under the microscope; (C) Y-1 morphology under the scanning electron microscope; and (D) A neighbour phylogenetic tree of Y-1 and 5 strains with high homology was established based on the 18S rDNA fragment of Y-1.


Scanning electron microscopy shows a bulge like a bud at one end of the cell, and some buds separated from the mother cell to form independent cells (Figure 2C). The obtained sequences were submitted to the Gene Bank for homology analysis. The results showed that strain Y-1 was most closely related to W. anomalus, so this yeast was W. anomalus. The phylogenetic tree was constructed using MEGA7.0 software (Figure 2D).

(Represents 1,000 bootstrap copied values calculated by MEGA7. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown above the branches, 0.5 represents the unit length of the value of the difference between organisms.)



Flavoured Components of Wickerhamomyces anomalus Y-1

GC–MS analysis showed that strain Y-1 produced more than 40 flavoured components, including esters, alcohols, acids and aldehydes, of which 86% were esters. The chromatogram of flavoured components from liquid fermentation of strain Y-1 was shown in Figure 3. The content of ethyl hexanoate was the highest, accounting for 49.526% of the total flavour components, and the content was 381.75 μg/l, followed by ethyl palmitic acid, ethyl valerate and ethyl caprylic acid, the total volatile substance is 100% (Supplementary Table S1). In previous GC–MS analysis, some yeasts also produced esters, but more strains produced ethyl acetate than those that produced ethyl hexanoate (Christian et al., 2014; Zhang et al., 2020). Therefore, Y-1 can produce ethyl hexanoate, which is of great significance to improve the quality of Luzhou-flavoured liquor. In addition to more esters, the Y-1 strain could also produce alcohols, among which phenyl ethanol had the highest relative content, followed by isoamyl alcohol. This yeast could also create a small amount of 1-propanol, isobutanol and other higher alcohols. These alcohols could enhance the distinctive aroma of liquor in the appropriate range.

[image: Figure 3]

FIGURE 3. Chromatographic patterns of flavoured components in the liquid fermentation of strain Y-1 (Numbers 1, 2, 3 and 4 represent ethyl hexanoate, ethyl caprylate, phenyl ethanol and ethyl palmitate, respectively).




Y-1 Genome Characteristics

The critical genes related to the metabolic pathway of Y-1 ethyl hexanoate were further studied by whole-genome prediction. Firstly, PE sequencing reads were used to select the intermediate high-quality sequencing region, and a certain length of K-mer base was taken to assess the genome size (Zhao et al., 2018). After quality control, the assembly results of the samples were analysed with the reads. Several genomic structure prediction software has been developed, such as Maker2 (Holt and Yandell, 2011), Barrnap 0.4.22 and tRNAs can-SE V1.3.1.3 Maker2 software was used to predict the fungal genes. According to the assembly and prediction results, the genome sequence of strain Y-1 was composed of a chromosome with a total length of 15,127,803 bp (including chromosomes and plasmids). The average GC content of the whole sequence was 34.56%. Using the eukaryotic genome annotation analysis tool (MAKER2 + V2.31.9), 7,024 CDS were annotated, including 69 tRNAs and one rRNA in the whole-genome sequence. Across the whole genome, 3,981 genes had specific pathways compared with the KEGG database, and 5,966 genes had annotated COG information compared with the EggNOG database (Table 1). The data of this sequence were submitted to the GeneBank database of the National Biotechnology Information Centre (NCBI) under the name W. anomalus Y-1, and the obtained biological project ID was PRJNA770424. These genomic features were similar to other members of the genus Wickerhamomyces, such as Wickerhamomy anomalus NRRL Y-366\u20138 (GenBank accession number: GCA_001661255.1, genome size 14.15Mbp, GC content 35%, 6,421 CDSs and 154 tRNAs).



TABLE 1. Genome features of strain Wickerhamomyces anomalus Y-1.
[image: Table1]



Genome Annotation Analysis

The genome needed to be annotated on the database to determine the identified gene function and its descriptive information. Genome annotation can reflect the functional classification of the filtered gene set, which is of great significance for the subsequent study of cell growth and metabolism. For genome annotation comparison, three high-quality databases, namely, COG, GO and KEGG, were selected.

The function of Y-1 was studied by annotating the whole genome. Functional analysis was performed using COG (Figure 4A; Supplementary Tables S2 and S3), GO (Figure 4B; Supplementary Tables S4 and S5) and KEGG (Figure 4C; Supplementary Table S6). Based on the analysis of three annotated databases, genes with high abundance in the Y-1 genome included amino acid transport and metabolism, carbohydrate transport and metabolism. In the fermentation of Luzhou-flavoured liquor, grains rich in carbohydrates and proteins, such as sorghum and wheat, were used as raw materials. The annotation results showed that the strain could degrade starch, indicating that the strain could adapt to the particular environment of liquor fermentation. Genome annotation is of great significance for future research, especially in exploring the biosynthesis of flavoured compounds in the genome. In addition to the annotations from these three databases, the annotations were based on the Carbohydrate-Active Enzyme Database (Vincent et al., 2014).4 This database annotates enzymes that can synthesise or decompose complex carbohydrates. According to the amino acid sequence similarity of a protein domain, carbohydrate-active enzymes are divided into different protein families. The classification and related information of the synthesis, metabolism and transport of the carbon compound and other enzymes are provided. The annotated results showed that glycosyltransferases accounted for 43.48%, glycosidases accounted for 36.41%, carbohydrate esterases accounted for 9.78% and coenzymes accounted for 10.33% (Figure 5; Supplementary Table S7). Among these compounds, carbohydrate esterases were mostly related to the synthesis of esters, such as isoamyl acetate hydrolase (EC3.1.1.-) in the CE12 family annotated by gene 1962 and carboxylesterase (EC3.1.1.1) in the CE1 family annotated by gene 4,180, which played a crucial role in the synthesis and hydrolysis of esters.

[image: Figure 4]

FIGURE 4. Diagram of COG function annotation analysis (A); Diagram of GO/IPR function annotation analysis (B); and Diagram of KEGG function annotation analysis (C).


[image: Figure 5]

FIGURE 5. Analysis of carbohydrate-active enzyme annotation.





DISCUSSION

Two kinds of esters are used in liquor making, namely, acetate and medium-chain fatty acid ethyl ester (MCFA). Acetate mainly includes ethyl acetate, isoamyl acetate and phenyl ethyl acetate. Enzymes related to acetate synthesis have been reported, for example: using AATaseII by purifying acetate synthase led to the identification of three acyltransferases, namely, AATaseI encoded by ATF1, LG-AATASei encoded by lgATF1 and AATaseII encoded by ATF2 (Verstrepen et al., 2003; Lilly et al., 2006). Studies have shown that ATF1 and ATF2 exist in the S. cerevisiae cells, while lgATF1 is only found in Streptomyces. Homology search of the S. cerevisiae genome did not show other homology genes with ATF1 or ATF2 (Yoshimoto et al., 1999; Van et al., 2008).

MCFA mainly includes ethyl hexanoate, ethyl capryate, the synthesis and regulation of MCFA are rarely studied. Malcorps and Dufour (2010) speculated that in addition to Atf1p, LG-ATF1P and Atf2p, other alcoholyltransferases should be present in the yeast group (Mason and Dufour, 2000; Malcorps and Dufour, 2010). One possible alcohol transferase was hypothesised to be alcohol acetyltransferase (Eht1p; ko7019). As a putative acyltransferase similar to Eeb1p, this enzyme is involved in synthesising MCFA esters containing ethyl hexanoate. Ethyl hexanoate is the most important ester in Luzhou-flavoured liquor, which is mainly synthesised by the alcohol acyltransferase pathway in S. cerevisiae, catalysing ethyl hexanoate from ethanol and hexanoyl-coenzyme A under the catalytic action of alcohol acyltransferase. The synthesis rate depended on the acyltransferase activity level and the acyl-CoA content of the substrate. Saerens (2006) reported that EHT1 and EEB1 of S. cerevisiae could encode acyltransferase, which is a key gene for the ethyl ester synthesis of MCFAs in yeast (Van et al., 2008). The acyl transferases encoded by EHT1 and EEB1 genes catalyse the formation of ethyl hexanoate from hexanoyl-CoA and alcohols. Sofie et al. reported that the expression of the EHT1 gene can improve the synthesis ability of ethyl hexanoate and ethyl capryate (Saerens, 2006). In this study, according to the whole-genome study of Y-1, it was found that the pathway ko7019 of gene 6,340 contained Eht1p. Homology analysis of the amino acid sequence of Eht1p showed that Eht1p was similar to the homology sequences of different yeasts in the known database. The phylogenetic correlation between Eth1p sequences of this species was estimated by the adjacency programme (Figure 6).

[image: Figure 6]

FIGURE 6. Phylogenetic tree of Eht1p homologous fungi established by MEGA7.


(The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown above the branches. The branch lengths are in the same units as those of the evolutionary distances used to infer the phylogenetic tree. A 0.10 represents the unit length of the difference value between sequences. The analysis involved 10 amino acid sequences.)

The amino acid sequences of Eht1p were compared with those of Eht1 and Eeb1. To find the conserved areas of homologous sequences and possible vital sequences, the same amino acid residue base was 51.75% in the multiple alignment sequence (Figure 7). This result confirmed the conjecture of Malcorps and Dufour (2010) that ethyl hexanoate is synthesised by catalysing ethanol and hexanoyl-CoA in the presence of alcohol hexacyltransferase. The synthesis of ethyl hexanoate of W. anomalus Y-1 in liquor brewing could be summarised as follows: starch and other macromolecules were converted into glucose by highly active degradation enzymes into cells. The glucose was absorbed and utilised by yeast cells to generate primary metabolites and intermediates. Ethanol and organic acids were produced through the citric acid cycle. Hexanoic acid mainly produced by hexanoic acid bacteria produced the hexanoyl coenzyme under the action of alcohol hexanoyl transferase (Yan and Dong, 2018). Then, hexanoyl coenzyme and ethanol produced ethyl hexanoate under the action of esterase. Ethyl hexanoate was the prominent aroma of Luzhou-flavoured liquor, and its content determined the quality of Luzhou-flavoured liquor.

[image: Figure 7]

FIGURE 7. Multiple comparisons of Eht1p, Eeb1 and Eht1 amino acid sequences of Wickerhamomyces anomalus Y-1. Non-conservative residues are black text on a white background. Conservative same residue as white text on dark blue background. A similar residue is a black text on a light blue background.


In addition to the discovery of Eht1p, the full-length functional annotation of Y-1 enabled the identification of other key metabolic enzyme-encoding genes, such as genes related to carbohydrate metabolism; for example, 6-phosphate glucuronidase (EC3.1.1.31) encoding pgi (gene ID: 25796, protein sequence number: NP_036220), which acts on the ester bond belonging to carboxylesterase hydrolase and participates in the pentose phosphate and carbon metabolism pathways. The gloB-encoded hydrolase (EC3.1.2.6) also acts on the ester bond, which belongs to this hydrolase and participates in pyruvate metabolism. Inositol phosphate esterase encoding such (gene ID: 947285, protein sequence number NP_417028) belongs to phosphate monoester hydrolase, which acts on the ester bond and participates in the synthesis of secondary metabolites and carbohydrate metabolism. These enzymes are key enzymes for the synthesis of esters. Functional annotations had also identified some genes in amino acid metabolism (e.g. argE, ydfG, metB and ansA), cofactors and vitamin metabolism (e.g. gltX, phoD, wrbA and phoA), terpenes and polyketides metabolism (e.g. mvaD, tktA, mvaK2 and FCLY) and lipid metabolism (e.g. aslA, pgsA, ERG1 and adhP). The enzymes expressed by these genes are often involved in the degradation of macromolecular substances, such as proteins and peptides, some of which have good acid and sugar resistance and can adapt to the unique environment of liquor brewing.

Wickerhamomyces anomalus Y-1 with strong esterification ability was selected from the Daqu. To study the synthesis of mechanism for ethyl hexanoate in the yeast, whole-genome sequencing and assembly were performed. Functional annotation was conducted using the sequencing results. Annotation results showed closely related mechanism of ethyl hexanoate to synthetic alcohol acyltransferase, and MCFA ethyl ester with known transferase was used for sequence alignment, with the same base of amino acid residues of 51.75%. In this study, the key genes for ester synthesis were identified by whole-genome sequencing of W. anomalus Y-1 strain. In order to prove the promoting effect of this gene on liquor flavour during liquor brewing, some validation experiments are needed.
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