FROM TRADITIONAL TO MODERN: PROGRESS
OF i AND YEASTS IN FERMENTED-FOOD
P ol

4

EDITED BY: Wanping Chen, Jae-Hyuk Yu, Kap-Hoon Han,
Jun-ichi Maruyama, Xucong Lv and Van-Tuan Tran

PUBLISHED IN: Frontiers in Microbiology

' BN A |

afrontiers Research Topics


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88974-880-8
DOI 10.3389/978-2-88974-880-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Microbiology

1 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

Topic Editors:

Wanping Chen, University of Goéttingen, Germany

Jae-Hyuk Yu, University of Wisconsin-Madison, United States
Kap-Hoon Han, Woosuk University, South Korea

Jun-ichi Maruyama, The University of Tokyo, Japan

Xucong Lv, Fuzhou University, China

Van-Tuan Tran, Vietnam National University, Hanoi, Vietnam

Citation: Chen, W,, Yu, J.-H., Han, K.-H., Maruyama, J.-i., Lv, X., Tran, V.-T,,
eds. (2022). From Traditional to Modern: Progress of Molds and Yeasts in
Fermented-Food Production. Lausanne: Frontiers Media SA.

doi: 10.3389/978-2-88974-880-8

Frontiers in Microbiology 2 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology
http://doi.org/10.3389/978-2-88974-880-8

Table of Contents

07

12

24

38

40

50

62

72

85

98

104

Editorial: From Traditional to Modern: Progress of Molds and Yeasts in
Fermented-Food Production

Wanping Chen, Xucong Lv, Van-Tuan Tran, Jun-ichi Maruyama,

Kap-Hoon Han and Jae-Hyuk Yu

Zygosaccharomyces rouxii, an Aromatic Yeast Isolated From Chili Sauce,
Is Able to Biosynthesize 2-Phenylethanol via the Shikimate or Ehrlich
Pathways

Jun Dai, Ke Li, Na Song, Wanting Yao, Huili Xia, Qiao Yang, Xiaoling Zhang,
Xin Li, Zhi Wang, Lan Yao, Shihui Yang and Xiong Chen

Flavor Formation in Chinese Rice Wine (Huangjiu): Impacts of the
Flavor-Active Microorganisms, Raw Materials, and Fermentation
Technology

Yijin Yang, Wuyao Hu, Yongjun Xia, Zhiyong Mu, Leren Tao, Xin Song,

Hui Zhang, Bin Ni and Lianzhong Ai

Corrigendum: Flavor Formation in Chinese Rice Wine (Huangjiu): Impacts
of the Flavor-Active Microorganisms, Raw Materials, and Fermentation
Technology

Yijin Yang, Wuyao Hu, Yongjun Xia, Zhiyong Mu, Leren Tao, Xin Song,

Hui Zhang, Bin Ni and Lianzhong Ai

Perspectives on Functional Red Mold Rice: Functional Ingredients,
Production, and Application

Feng Yanli and Yu Xiang

Increasing Yield of 2,3,5,6-Tetramethylpyrazine in Baijiu Through
Saccharomyces cerevisiae Metabolic Engineering

Dan-Yao Cui, Ya-Nan Wei, Liang-Cai Lin, Shi-Jia Chen, Peng-Peng Feng,
Dong-Guang Xiao, Xue Lin and Cui-Ying Zhang

Influence of Storage Conditions on the Quality, Metabolites, and
Biological Activity of Soursop (Annona muricata. L.) Kombucha

Wee Ching Tan, Belal J. Muhialdin and Anis Shobirin Meor Hussin
Evaluation of the Effect of Auxiliary Starter Yeasts With Enzyme Activities
on Kazak Cheese Quality and Flavor

Jing Xiao, Yu Chen, Jie Li, Xuewei Shi, Li Deng and Bin Wang
Metabolomics Analysis of the Effect of Glutamic Acid on Monacolin K
Synthesis in Monascus purpureus

Chan Zhang, Nan Zhang, Mengxue Chen, Haijiao Wang, Jiachen Shi,

Bei Wang, Baoguo Sun and Chengtao Wang

Monascus sanguineus May Be a Natural Nothospecies

Yatao He, Junlin Liu, Qian Chen, Senning Gan, Ting Sun and

Shengdong Huo

Chemical Characteristics of Three Kinds of Japanese Soy Sauce Based on
Electronic Senses and GC-MS Analyses

Guozhong Zhao, Yixu Feng, Hadiatullah Hadiatullah, Fuping Zheng and
Yunping Yao

Frontiers in Microbiology

3 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology

114

129

138

155

169

183

186

190

201

209

222

232

242

Functional Characteristics of Lactobacillus and Yeast Single Starter
Cultures in the Ripening Process of Dry Fermented Sausage

Yingli Liu, Zhen Wan, Kalekristos Woldemariam Yohannes, Qinglin Yu,
Ziyan Yang, Hongyan Li, Jie Liu and Jing Wang

Flavor Composition and Microbial Community Structure of Mianning Ham
Lin Chen, Zhengli Wang, Lili Ji, Jiamin Zhang, Zhiping Zhao, Rui Zhang,
Ting Bai, Bo Hou and Wei Wang

Integrative Metagenomics—Metabolomics for Analyzing the Relationship
Between Microorganisms and Non-volatile Profiles of Traditional Xiaoqu
Chi Zhao, Wei Su, Yu Mu, Yingchun Mu and Li Jiang

Adaptive Gene Content and Allele Distribution Variations in the Wild and
Domesticated Populations of Saccharomyces cerevisiae

Da-Yong Han, Pei-Jie Han, Karl Rumbold, Anbessa Dabassa Koricha,
Shou-Fu Duan, Liang Song, Jun-Yan Shi, Kuan Li, Qi-Ming Wang and
Feng-Yan Bai

Advances in Genetic Engineering Technology and Its Application in the
Industrial Fungus Aspergillus oryzae

Feng-Jie Jin, Shuang Hu, Bao-Teng Wang and Long Jin

Sake Brewing and Bacteria Inhabiting Sake Breweries

Hiromi Nishida

From Traditional Application to Genetic Mechanism: Opinions on
Monascus Research in the New Milestone

Jie Wang, Yueyan Huang and Yanchun Shao

Characteristics of the Microbial Community in the Production of Chinese
Rice-Flavor Baijiu and Comparisons With the Microflora of Other Flavors
of Baijiu

Yuanliang Hu, Xinyi Lei, Xiaomin Zhang, Tongwei Guan, Luyao Wang,
Zongjie Zhang, Xiang Yu, Junming Tu, Nan Peng, Yunxiang Liang and
Shumiao Zhao

Microbial Community Succession and Its Environment Driving Factors
During Initial Fermentation of Maotai-Flavor Baijiu

Fei Hao, Yuwei Tan, Xibin Lv, Lianggiang Chen, Fan Yang, Heyu Wang,

Hai Du, Li Wang and Yan Xu

The Potential of Flos sophorae immaturus as a Pigment-Stabilizer to
Improve the Monascus Pigments Preservation, Flavor Profiles, and
Sensory Characteristic of Hong Qu Huangjiu

Yijin Yang, Yongjun Xia, Xin Song, Zhiyong Mu, Huazhen Qiu, Leren Tao and
Lianzhong Ai

Effect of a Monascus sp. Red Yeast Rice Extract on Germination of
Bacterial Spores

Marketa Husakova, Michaela Plechata, Barbora Branska and Petra Patakova
Induction and Repression of Hydrolase Genes in Aspergillus oryzae
Mizuki Tanaka and Katsuya Gomi

Isolation and Identification of a High-Yield Ethyl Caproate-Producing
Yeast From Daqu and Optimization of Its Fermentation

Guangsen Fan, Pengxiao Liu, Xu Chang, Huan Yin, Liujie Cheng, Chao Teng,
Yi Gong and Xiuting Li

Frontiers in Microbiology

4 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology

257

269

277

289

301

315

329

342

356

373

381

398

411

Role of ElIm1, Tos3, and Sak1 Protein Kinases in the Maltose Metabolism of
Baker’s Yeast

Xu Yang, Lu Meng, Xue Lin, Huan-Yuan Jiang, Xiao-Ping Hu and Cong-Fa Li
A Review: Microbial Diversity and Function of Fermented Meat Products
in China

Zhengli Wang, Zhengxi Wang, Lili Ji, Jiamin Zhang, Zhiping Zhao,

Rui Zhang, Ting Bai, Bo Hou, Yin Zhang, Dayu Liu, Wei Wang and Lin Chen
Cocultivation Study of Monascus spp. and Aspergillus niger Inspired From
Black-Skin-Red-Koji by a Double-Sided Petri Dish

Xi Yuan and Fusheng Chen

An Integrated Approach to Determine the Boundaries of the Azaphilone
Pigment Biosynthetic Gene Cluster of Monascus ruber M7 Grown on
Potato Dextrose Agar

Qingpei Liu, Siyu Zhong, Xinrui Wang, Shuaibiao Gao, Xiaolong Yang,
Fusheng Chen and Istvan Molnar

Development of a Novel Restrictive Medium for Monascus Enrichment
From Hongqu Based on the Synergistic Stress of Lactic Acid and Ethanol
Kangxi Zhou, Li Wu, Guimei Chen, Zhibin Liu, Xinze Zhao, Chen Zhang,
Xucong Lv, Wen Zhang, Pingfan Rao and Li Ni

pH Changes Have a Profound Effect on Gene Expression, Hydrolytic
Enzyme Production, and Dimorphism in Saccharomycopsis fibuligera
Mohamed El-Agamy Farh, Najib Abdellaoui and Jeong-Ah Seo
Understanding the Shifts of Microbial Community and Metabolite Profile
From Wheat to Mature Daqu

Yuandi Zhang, Yi Shen, Wei Cheng, Xi Wang, Yansong Xue, Xiaoxue Chen
and Bei-Zhong Han

Comparison of Two Aspergillus oryzae Genomes From Different Clades
Reveals Independent Evolution of Alpha-Amylase Duplication, Variation in
Secondary Metabolism Genes, and Differences in Primary Metabolism
Katherine Chacodn-Vargas, Colin O. McCarthy, Dasol Choi, Long Wang,
Jae-Hyuk Yu and John G. Gibbons

Glycosphingolipids in Filamentous Fungi: Biological Roles and Potential
Applications in Cosmetics and Health Foods

Chunmiao Jiang, Jinxin Ge, Bin He and Bin Zeng

Origin, Succession, and Control of Biotoxin in Wine

Xiaoyu Xu, Tian Li, Yanyu Ji, Xia Jiang, Xuewei Shi and Bin Wang

A Review on the General Cheese Processing Technology, Flavor
Biochemical Pathways and the Influence of Yeasts in Cheese

Xiaochun Zheng, Xuewei Shi and Bin Wang

Comparative Study on the Antioxidant Activity of Monascus Yellow
Pigments From Two Different Types of Hongqu—Functional Qu and
Coloring Qu

Li Wu, Kangxi Zhou, Feng Chen, Guimei Chen, Ying Yu, Xucong Lv,

Wen Zhang, Pingfan Rao and Li Ni

Hanseniaspora vineae and the Concept of Friendly Yeasts to Increase
Autochthonous Wine Flavor Diversity

Francisco Carrau and Paul A. Henschke

Frontiers in Microbiology

5 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology

419 Investigation of Volatile Compounds, Microbial Succession, and Their
Relation During Spontaneous Fermentation of Petit Manseng
Yangin Ma, Tian Li, Xiaoyu Xu, Yanyu Ji, Xia Jiang, Xuewei Shi and Bin Wang

435 Deciphering the Shifts in Microbial Community Diversity From Material
Pretreatment to Saccharification Process of Fuyu-Flavor Baijiu
Jiamu Kang, Yunan Hu, Ziyuan Ding, Li Ye, Haoran Li, Jun Cheng, Lin Fan,
Hu Zhao, Beizhong Han and Xiaowei Zheng

446 Succession of Fungal Communities at Different Developmental Stages of
Cabernet Sauvignon Grapes From an Organic Vineyard in Xinjiang
Lihua Zhu, Tian Li, Xiaoyu Xu, Xuewei Shi and Bin Wang

460 Oenological Characteristics of Four Non-Saccharomyces Yeast Strains
With B-Glycosidase Activity
Tao Qin, Jing Liao, Yingyuan Zheng, Wenxia Zhang and Xiuyan Zhang

470 Comparison of the Fermentation Activities and Volatile Flavor Profiles of
Chinese Rice Wine Fermented Using an Artificial Starter, a Traditional
JIUYAO and a Commercial Starter
Chen Chen, Zheng Liu, Wenya Zhou, Huaixiang Tian, Juan Huang,
Haibin Yuan and Haiyan Yu

481 Correlation Between Microbial Diversity and Volatile Flavor Compounds
of Suan zuo rou, a Fermented Meat Product From Guizhou, China
Hanyu Wang, Wei Su, Yingchun Mu and Chi Zhao

495 Solid-State Fermentation With Aspergillus cristatus Enhances the
Protopanaxadiol- and Protopanaxatriol-Associated Skin Anti-aging
Activity of Panax notoginseng
Sunmin Lee, Chagam Koteswara Reddy, Jeoung Jin Ryu, Seoyeon Kyung,
Yonghwan Lim, Myeong Sam Park, Seunghyun Kang and Choong Hwan Lee

506 Interaction and Application of Molds and Yeasts in Chinese Fermented
Foods
Qilin Yang, Hongli Yao, Shuangping Liu and Jian Mao

Frontiers in Microbiology 6 June 2022 | Progress of Food Fermentation Fungi


https://www.frontiersin.org/research-topics/14744/from-traditional-to-modern-progress-of-molds-and-yeasts-in-fermented-food-production
https://www.frontiersin.org/journals/microbiology

1' frontiers
in Microbiology

EDITORIAL
published: 17 March 2022
doi: 10.3389/fmicb.2022.876872

OPEN ACCESS

Edited and reviewed by:
Giovanna Suzzi,
University of Teramo, ltaly

*Correspondence:
Wanping Chen
chenwanping1@foxmail.com

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 15 February 2022
Accepted: 21 February 2022
Published: 17 March 2022

Citation:

Chen W, Lv X, Tran V-T, Maruyama J-i,
Han K-H and Yu J-H (2022) Edlitorial:
From Tradlitional to Modern: Progress
of Molds and Yeasts in
Fermented-Food Production.

Front. Microbiol. 13:876872.

doi: 10.3389/fmicb.2022.876872

2

Check for
updates

Editorial: From Traditional to Modern:
Progress of Molds and Yeasts in
Fermented-Food Production

Wanping Chen ™, Xucong Lv?2, Van-Tuan Tran?®, Jun-ichi Maruyama®*, Kap-Hoon Han® and
Jae-Hyuk Yu®7

" Department of Molecular Microbiology and Genetics, Georg-August-Universitédt Géttingen, Gottingen, Germany, 2 College
of Biological Science and Technology, Fuzhou University, Fuzhou, China, ° Department of Microbiology, National Key
Laboratory of Enzyme and Protein Technology, University of Science, Vietnam National University, Hanoi, Vietnam,

“ Department of Biotechnology, The University of Tokyo, Tokyo, Japan, ° Department of Pharmaceutical Engineering, Woosuk
University, Wanju, South Korea, ° Department of Bacteriology, University of Wisconsin-Madison, Madison, WI, United States,
" Department of Systems Biotechnology, Konkuk Institute of Science and Technology, Konkuk University, Seoul, South Korea

Keywords: fermented food, mold, yeast, Aspergillus, Saccharomyces, Koji

Editorial on the Research Topic

From Traditional to Modern: Progress of Molds and Yeasts in Fermented-Food Production

INTRODUCTION

Molds (filamentous fungi) and yeasts have been used for the production of foods and beverages
throughout the world since ancient times (Venturini Copetti, 2019). For example, yeasts
widely contribute to various alcoholic fermentations, such as beer and wine, and non-alcoholic
fermentations, such as bread and coffee (Maicas, 2020; Iorizzo et al., 2021). In western countries,
Penicillium spp. are used for ripening cheeses and meats (Chévez et al., 2011). In the Orient, there
are also a variety of fermented foods produced by molds and/or yeasts, which have profoundly
shaped the eating habits of the locals. For example, Aspergillus oryzae is widely applied for brewing
soy sauce, douche, miso, sake, and doenjang etc. (Hong and Kim, 2020; Daba et al., 2021).

Despite the great economic, cultural, and social values of traditional fungal fermentations in
food production, these have strong regional characteristics. Therefore, this Research Topic tried to
offer a collection of articles associated with different types of fermentation products and processes
from different regions, which could provide a global perspective for molds and yeasts in fermented
food production. Based on the research content, the articles in this collection could be divided into
the following sections.

CHARACTERIZATION AND IMPROVEMENT OF FERMENTATION
PROCESS

Tan et al. optimized the production of the soursop kombucha by response surface method, and
determined the effects of different storage conditions on the quality, metabolites, and biological
activity. This study revealed that prolonged storage conditions have a high potential to improve the
quality, metabolites content, biological activity, and the Halal status of the soursop kombucha.

Liu et al. evaluated the effect of different starter cultures on the ripening of dry fermented
sausages and found that the lactic acid bacteria could rapidly reduce the pH value of the products
and inhibit Enterobacter putrefaciens to ensure safety, while the yeasts contributed more in flavor
formation and effective inhibition of lipid oxidation.
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Chen et al.
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Xiao et al. investigated the effect of three yeasts on the Kazak
cheese quality and flavor, and the results showed that the texture
of cheese added with yeasts was more brittle, suggesting that
yeasts are important auxiliary starters for cheese production.

Lee et al. used Aspergillus cristatus for the liquid-state and
solid-state fermentation of Panax notoginseng and examined the
contents of protopanaxadiol and protopanaxatriol representing
antioxidant activity and skin anti-aging. The results suggested
that fermentation of P. notoginseng by A. cristatus could enhance
the quality and availability of bioactive compounds associated
with skin anti-aging.

Qin et al. studied the contribution of four non-Saccharomyces
yeast strains Issatchenkia terricola SLY-4, Pichia kudriavzevii
F2-24, P. kudriavzevii F2-16, and Metschnikowia pulcherrima
HX-13 with p-glucosidase activity to the flavor and quality of
wine making. The results showed that in general, the sensory
evaluation score of adding non-Saccharomyces yeast-fermented
wine was better than that of Saccharomyces cerevisiae.

Fan et al. isolated a Clavispora lusitaniae strain capable of
producing a large amount of ethyl caproate from Daqu, a crude
fermentation starter for Baijiu, and optimized the fermentation
conditions for ethyl caproate production. The results also
revealed that this strain can produce many flavor compounds
important for high-quality Baijiu and has potential applications
in improving the flavor and quality of Baijiu.

Yuan and Chen designed a double-sided petri dish to
characterize the cocultivation of Monascus spp. and Aspergillus
niger inspired by black-skin-red-koji. The results indicate that the
designed petri dish might be an efficient tool for the investigation
of microbial interaction in the laboratory.

Farh et al. cultured Saccharomyces fibuligera strains used for
the production of makgeolli (Korean rice wine) under different
pH conditions, and investigated the effect on their enzyme
production and gene expression. The results showed that the
decrease in pH induced a dimorphic lifestyle switch from yeast
cell formation to hyphal growth in S. fibuligera and caused a
decrease in carbohydrate hydrolyzing enzyme production, and
marked changes in the expression of genes related to enzyme
production and pH adaptation.

Yang et al. investigated the effects of Flos sophorae immaturus
on the stability of Monascus pigments, the flavor profiles, and the
sensory characteristics of Hongqu Huangjiu. The study suggested
that the addition of Flos sophorae immaturus could be a new
strategy for improving the stability of photosensitive pigments
and adjusting the aroma of Hongqu Huangjiu.

Chen et al. prepared an artificial starter culture by using the
core microbial species of JIUYAO to produce Chinese rice wine
and compared its fermentation activity and flavor profiles with
traditional JIUYAO and a commercial starter culture. The results
showed that the fermentation activity and flavor profiles of the
artificial starter resembled those of traditional JTUYAO.

MICROBIOTA OF QU AND FERMENTATION
PROCESS

The microbiota of fermented meat products is closely linked
with their characteristics (Van Reckem et al., 2019). Chen et al.

studied the microbial community structure of Mianning ham
and found that Penicillium lanosum, Penicillium nalgiovense,
Debaryomyces hansenii, Staphylococcus equorum, and Erwinia
tasmaniensis were isolated from the surfaces of the hams by
the traditional culture method, while Aspergillus, Penicillium,
and Wallemia were the dominant genera by Illumina high-
throughput sequencing. Moreover, the authors identified a total
of 60 flavor substances in the hams. Wang et al. summarized
and compared the microbial diversity of Chinese ham, sausage,
preserved meat, pressed salted duck, preserved fish, and
air-dried meat, which is a useful review for the microbial
compositions of fermented meat products in China. Wang et al.
studied the correlation between the microbial communities and
volatile flavor compounds of 15 Suan zuo rou (a traditional
fermented pork product) samples from three regions in Guizhou
province, and revealed that Brochothrix, Candida, Debaryomyces,
Kazachstania, Lactobacillus, Leuconostoc, Pediococcus, Pichia,
Staphylococcus, Weissella, and Wickerhamomyces were highly
correlated with 48 volatile flavor compounds.

Qu (Koji) is usually composed of cooked grains inoculated
with a fermentation culture and used as the fermentation
starter in the production of many Oriental fermented foods
(Zhu and Tramper, 2013). The investigation of Qu microbiota
could contribute to the understanding on how the fermentation
starts. Zhao et al. analyzed the microbiota of three typical
traditional Xiaoqu from the Guizhou province in China
by metagenomic sequencing, and revealed that Lactobacillus,
Bacillus, Acinetobacter, Leuconostoc, and Weissella were the
dominant bacterial genera, while Aspergillus, Saccharomyces,
Pichia, Rhizopus, and Phycomyces are the predominant fungal
genera. Zhang et al. explored the microbial shifts in high-
temperature Daqu during maturation, and revealed that the
predominant bacteria shifted from Saccharopolyspora (outer) and
Staphylococcus (inner) to Kroppenstedtia (both outer and inner),
while the predominant fungi shifted from Thermoascus (both
outer and inner) to Byssochlamys (outer) and Fusarium (inner).

Baijiu is a good representative to study the succession of
complex microbiota during fermentation. Hao et al. analyzed
the microbial community structure in the initial fermentation
of Maotai-flavor Baijiu by high-throughput sequencing and
found that Lactobacillus, Pichia, and Saccharomyces were the
dominant microorganisms in the initial fermentation. It also
suggested that reducing sugar was the key driving factor for
microbial succession in the heap fermentation, while acidity,
alcohol, and temperature were the main driving forces in
pit fermentation. Hu et al. tracked the changes of microbial
community in the production of rice-flavor Baijiu by high-
throughput sequencing technology and revealed that the
dominant bacteria were Lactobacillus, while the core fungi
were Saccharomyces and Rhizopus. It inferred that compared
to other flavor types of Baijiu, the fewer microbial species but
prominent microorganisms may be the main reason for the
small variety of flavor substances in rice-flavor Baijiu. Kang
et al. investigated the shifts in microbial community diversity
of Fuyu-flavor Baijiu from the pretreatment of raw materials to
the end of saccharification by high-throughput sequencing and
revealed that Lactobacillus, Weissella, and Bacillus in the bacterial
community and Rhizopus, Candida, Pichia, and Aspergillus in
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the fungal community are predominant during raw material
pretreatment and saccharification processes. It further indicated
that during the saccharification process, the cooling grains and
rice husks were the main contributors to the bacterial community
composition, and Qu was the main contributor to the shaping of
the fungal community structure.

In addition, Zhu et al. investigated the succession of
fungal communities on Cabernet Sauvignon grapes from an
organic vineyard in Xinjiang at different developmental stages
and found that Aspergillus, Malassezia, Metschnikowia, and
Udeniomyces were predominant during the unripe stage, whereas
Cladosporium, Cryptococcus, Erysiphe, and Vishniacozyma were
dominant in the ripe stages. Ma et al. investigated the dynamic
changes of the microbial population and volatile compounds
during the spontaneous fermentation of Petit Manseng sweet
wine and found that Candida and Mortierella were dominant
genera in the fermentation and contributed to the formation of
fermentative aroma compounds.

FUNCTIONAL COMPONENTS PRODUCED
BY FERMENTATION FUNGI

Cui et al. deleted or overexpressed 2,3-butanediol dehydrogenase
(BDH) coding genes BDH1 and BDH2 to evaluate the effect
on the content of acetoin and 2,3,5,6-tetramethylpyrazine in
S. cerevisiae. This work provides a novel method to improve
the quality and beneficial health attributes of Baijiu by
increasing 2,3,5,6-tetramethylpyrazine production in S. cerevisiae
by genetic engineering.

Dai et al. isolated and characterized an aromatic strain of
Zygosaccharomyces rouxi from the chili sauce. They identified the
aromatic alcohol with a rose honey scent as 2-phenylethanol and
inferred its possible biosynthetic pathway.

Zhang et al. compared the fermentation broths of Monascus
purpureus with and without glutamic acid supplementation using
a metabolomic profiling approach to identify key metabolites and
metabolic pathways for improving the yield of monacolin K. The
results suggested that the citric acid cycle is closely related with
monacolin K yield.

Husakova et al. tested the activity of red yeast rice extract
on germination of Clostridium and Bacillus spores. The results
revealed that the extract added to the medium at a concentration
of 2% v/v could fully suppress Clostridium beijerinckii spore
germination, while the addition of 4% v/v extract to the medium
containing 1.3% w/w NaCl could fully inhibit Bacillus subtilis
spore germination.

Wu et al. investigated the difference in the composition
of Monascus azaphilone pigments between functional Qu and
coloring Qu and analyzed their relationships with antioxidant
activity. The results indicated that the seven Monascus yellow
pigments may be the key active components for coloring Qu to
have a more potent antioxidant capacity than functional Qu.

Jiang et al. summarized the types, structures, and biosynthetic
pathways of glycosphingolipids in filamentous fungi, and the
roles of glycosphingolipids in fungal growth, spore formation,
and environmental stress response. Furthermore, this review

proposed the advantage, potential development, and application
of glucosylceramides and galactosylceramides from filamentous
fungi Aspergillus spp. in health foods and cosmetics.

EVALUATION AND SAFETY CONTROL OF
FERMENTED PRODUCTS

Zhao et al. explored the flavor characteristics of three kinds of
Japanese soy sauce and identified a total of 173 volatile flavor
substances and 160 taste compounds. The results revealed that
alcohols and aldehydes were in high abundance in Japanese soy
sauce, but pyrazines and esters were only a small portion.

Xu et al. summarized the origin, evolution, and control
technology of undesirable metabolites (e.g., ochratoxin A, ethyl
carbamate, and biogenic amines) in wine. This review also
highlighted current wine industry practices of minimizing the
number of biotoxins in wine.

Yang et al. summarized the aspects that may affect the
formation of Huangjiu flavor compounds. This review also
discussed the selection of appropriate raw materials and the
improvement of fermentation technologies to promote the flavor
quality of Huangjiu. In addition, this review investigated the
effects of microbial community composition, metabolic function
of predominant microorganisms, and dynamics of microbial
community on the flavor quality of Huangjiu.

GENETIC RESEARCH OF FERMENTATION
FUNGI

Jin et al. reviewed the advances in basic research and genetic
engineering technologies of the fermentation strain A. oryzae,
which could open up more effective ways and research space for
the breeding of A. oryzae production strains in the future. The
review of Tanaka and Gomi presented the current knowledge
on the regulation of hydrolase gene expression, including carbon
catabolite repression, in A. oryzae.

Yang et al. studied the role of three kinases, Elm1, Tos3, and
Sakl, in the maltose metabolism of baker’s yeast in lean dough.
The results, for the first time, revealed that Elm1, rather than
Tos3 and Sakl, might be the dominant regulator in the maltose
metabolism of baker’s yeast.

Liu et al. predicted the boundary of the biosynthetic
gene cluster of Monascus azaphilone pigments (MonAzPs) in
Monascus ruber M7 by a combination of computational and
transcriptional analyses. Then, gene knockouts and analysis of
MonAzPs production of the mutants were used to validate the
prediction, revealing that the biosynthetic gene cluster consists
of 16 genes.

PHYLOGENETIC, PHYSIOLOGICAL, AND
GENOMIC FEATURES OF FERMENTATION
SPECIES

He et al. isolated a Monascus sanguineus strain, and speculated
that this strain may be a natural nothospecies based on the
morphological characteristics and the phylogenetic relationship
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of Monascus species. This study provides new insights into
how Monascus evolved. Zhou et al. found that Monascus has
good tolerance to lactic acid and ethanol, while the microbial
community was repressed at the condition, and then designed
a novel restrictive medium for Monascus enrichment from
Hongqu based on the synergistic stress of lactic acid and ethanol.
This work has great application value for the isolation of
Monascus strain from Hongqu and the better development of its
germplasm resources.

Han et al. performed a population genomic analysis of
massive S. cerevisiae isolates, and suggested that the wild and
domesticated populations of S. cerevisiae are separated and
the domesticated population diverges into two distinct groups
associated with solid- and liquid-state fermentations from a
single ancestor. This study improves the understanding on the
genetic diversity of S. cerevisiae strains and how they evolved.

Chacon-Vargas et al. performed a population genomic
analysis of A. oryzae isolates, especially focusing on the
comparison of industrial strains A. oryzae 14160 and RIB
40, and revealed substantial genome and phenotypic variation
especially for alpha-amylase genes within A. oryzae. This study
provides insights into the adaptive evolution of A. oryzae
during domestication.

OPINIONS, PERSPECTIVES, AND
REVIEWS ON FUNGAL FERMENTATION
INDUSTRY AND RESEARCH

Red mold rice is the fermentation product of Monascus spp. and
widely used as a food colorant, brewing starter, and monacolin
K supplement (Chen et al., 2015). In the opinion of Wang
et al,, it summarized the current research themes on Monascus
and proposed some future issues on red mold rice production,
the correlation of Monascus polyketide biosynthetic pathways
and their regulation, and the relationship between Monascus
development and secondary metabolism. In the perspective of
Yanli and Xiang, it summarized the bioactive components of
functional red mold rice (FRMR) and their functions, and
proposed the efficient strategies for FRMR production, and future
directions and challenges of FRMR application.

Sake is a Japanese traditional fermented alcoholic drink,
which is brewed using koji mold A. oryzae to convert the
starch in rice into sugar, and sake yeast S. cerevisiae further
convert into ethanol (Zhang et al,, 2020). In the opinion of
Nishida, it highlights the bacterial roles in Sake that is considered
exclusively mold/yeast-based. In addition, the opinion points out
that bacteria should also be considered for the complete safety
assessment of Sake.

In the perspective of Carrau and Henschke, it explained the
concept of “friendly” yeasts for developing wine starters that do
not suppress desirable native microbial flora at the initial steps
of fermentation, summarized the roles of non-Saccharomyces
yeasts, and proposed that inoculation of Hanseniaspora vineae
strains could develop ideal conditions for flavor expression of the
microbial terroir without the risk of undesirable strains.
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FIGURE 1 | The main research aspects on food fermentation.

Cheese is an ancient traditional fresh or fermented dairy
product but with a complex microbial community structure,
diverse processing technologies, and flavors. The review of Zheng
et al. summarized the research progress on the general processing
technology and key control points of natural cheese, the
biochemical pathways of cheese flavor formation, the diversity,
and the role of yeasts in cheese. This review provides important
advances in understanding the effects of different cheese-making
techniques and microbial diversity on cheese flavor and quality.

Molds and yeasts play an irreplaceable role in the formation of
flavor substances and the production of functional components
in traditional Chinese fermented foods. The review of Yang
et al. summarized the research progress of molds and yeasts
in traditional Chinese fermented foods, including the diversity,
population structure and interaction of molds and vyeasts,
and discussed their application development prospects in
related industries.

CONCLUSIONS AND PERSPECTIVES

In general, the research mainly includes two aspects (Figure 1).
The first aspect revolves around fermentation microorganisms
to address their enzymes, metabolites, fermentation conditions,
interaction, dynamic changes, etc. The other aspect centers
on fermented products to study their fermentation technology,
nutrition, sensory, safety, etc. The main purpose is to connect the
behaviors of fermentation microorganisms and the properties of
fermented products.

Although this Research Topic focused on molds and yeasts,
the brewing processes from microorganisms to products in most
cases are complex and involve a plethora of strains including
bacteria. For example, as revealed by many studies in the
topic, the microbiota of Qu and Baijiu fermentation process
cooperatively involved a high number of fungi and bacteria.
In the previous studies, most of research attention has been
focused on some key microorganisms. However, as proposed in
the opinion of Nishida and perspective of Carrau and Henschke,
more attention may need to be paid to the synergy of the
microbiome other than several key microorganisms. Hopefully,
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with the development of new technologies, especially the
emerging omics tools like metagenomics, metatranscriptomics,
metaproteomics, and microbiomics, further studies will provide a
more comprehensive and vivid perspective on food fermentation.
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We isolated an aromatic strain of yeast (M2013310) from chili sauce. Assembly,
annotation, and phylogenetic analysis based on genome sequencing, identified
M2013310 as an allodiploid yeast that was closely related to Zygosaccharomyces
rouxii. During fermentation, M2013310, produced an aromatic alcohol with a rose-
honey scent; gas chromatography tandem mass spectrometry identified this alcohol
as 2-phenylethanol. The concentration of 2-phenylethanol reached 3.8 mg/L, 1.79 g/L,
and 3.58 g/L, in M3 (NH4 ™), M3 (NH4 T + Phe), and M3 (Phe) culture media, after 72 h
of fermentation, respectively. The mRNA expression levels of ARO8 encoding aromatic
aminotransferases | and ARO70 encoding phenylpyruvate decarboxylase by M2013310
in M3 (Phe) were the lowest of the three different forms of media tested. These results
indicated that M2013310 can synthesize 2-phenylethanol via the Shikimate or Ehrlich
pathways and the production of 2-phenylethanol may be significantly improved by the
over-expression of these two genes. Our research identified a promising strain of yeast
(M2013310) that could be used to improve the production of 2-phenylethanol.

Keywords: aroma-producing strain, Zygosaccharomyces rouxii, 2-phenylethanol, Shikimate pathway, Ehrlich
pathway

INTRODUCTION

The Zygosaccharomyces genus consists of six different species: Z. bailii, Z. bisporus,
Z. kombuchaensis, Z. lentus, Z. mellis, and Z. rouxii (Zuehlke et al., 2013). Z. rouxii is a halotolerant
and osmotolerant species of yeast that is most phylogenetically related to Saccharomyces cerevisiae
(Kobayashi and Hayashi, 1998; Solieri et al., 2013; Guo et al.,, 2020). It is known that Z. rouxii
has different genomic forms, including haploid and allodiploid forms, at least (Kinclova et al.,
2001; Solieri et al., 2013; Watanabe et al., 2017). Z. rouxii CBS732 is a haploid strain featuring one
copy of each gene (Montigny et al., 2000; Kinclova et al., 2001). ATCC 42981, isolated from miso
paste, features a mosaic genome with two copies of many genes and represents a sterile allodiploid
(Kinclovd et al., 2001; Bizzarri et al., 2016). Generally, the Z. rouxii strain of yeast is applied during
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the fermentation process used to make soy sauce and miso
paste (Kobayashi and Hayashi, 1998; Dakal et al., 2014) and
can produce a range of different volatile compounds, including
ethanol, ethyl propanoate, 1-butanol, ethyl 2-methylpropanoate,
4-hydroxy-2-ethyl-5-methyl-3(2H)-furanone (HEMF), and 2-
phenylethanol (Lee et al., 2014).

2-Phenylethanol (2-PE) is a higher aromatic alcohol that
is characterized by its rose-honey-like fragrance and has been
utilized as a fragrance ingredient in a range of different
products, including cosmetics, perfumes, beer, olive oil, tea,
and coffee (Scognamiglio et al., 2012; Chreptowicz et al., 2016).
Furthermore, 2-PE plays an important role in the pharmaceutical
industry because it can exert antibacterial effects on Gram-
negative bacteria, coccus, bacillus, and some fungi (Fraud, 2003).
Natural forms of 2-PE are extracted from aromatic essential plant
oils, including rose, jasmine, or hyacinth; however, it is difficult
to satisfy market demand and the commercial price of this
extraction process is high (approximately $1,000/kg). Over recent
years, the majority of global 2-PE production involved a chemical
process that is far less extensive ($5/kg). However, this chemical
process is limited by the fact that it involves benzene and styrene
(known carcinogens) and produces byproducts that are difficult
to remove (Etschmann et al., 2002; Hua and Xu, 2011). Therefore,
2-PE is now synthesized mostly by microbial fermentation;
this is far more cost-effective and provides much simpler and
more efficient options for product purification. Bacteria such
as Enterobacter sp. CGMCC 5087 (Zhang et al, 2014), and
fungi such as Aspergillus oryzae (Masuo et al., 2015), are able to
successfully produce 2-PE, but with relatively low yield.

The microorganisms that are most efficient at producing 2-
PE are yeasts, including S. cerevisiae, Kluyveromyces marxianus,
Kluyveromyces lactis, Pichia fermentans, Candida glycerinogenes,
and Z. rouxii (Etschmann et al,, 2003; Kim et al.,, 2014; Lu
et al., 2016; Chreptowicz et al., 2018; Martinez-Avila et al., 2019).
Yeasts are known to predominantly biosynthesize 2-PE via the
Shikimate or Ehrlich pathways (Figure 4) (Wang et al., 2019).
The Shikimate pathway is a long pathway with multiple branches
and a variety of inhibitory feedback mechanisms (Etschmann
et al,, 2002); this pathway is associated with low yields of 2-PE.
However, when using amino acids as the sole source of nitrogen,
the Ehrlich pathway is far more efficient; consisting of three steps,
this pathway is very effective in synthesizing 2-PE.

In the present study, we isolated an aromatic strain of yeast
(M2013310) from chili sauce. This yeast produced a rose-honey-
like fragrance during fermentation. The strain was identified as
Z. rouxii and was able to synthesize 2-PE. Next, we used L-Phe or
ammonium sulfate as nitrogen sources to help us to investigate
the pathways responsible for the biosynthesis of 2-PE in this
particular strain.

MATERIALS AND METHODS

Isolation of Yeast Strains and Culture

Conditions
Strain M2013310 was isolated from chili sauce in our laboratory.
First, the sauce sample was serially diluted with a sterile 0.85%

(w/v) NaCl solution. These dilutions were then screened on yeast
extract-peptone-glucose (YEPD; 10 g/L of yeast extract, 20 g/L
of peptone, and 20 g/L of glucose) agar plates prepared with
15 g/L of agar and 180 g/L of NaCl. After incubation for 7 days at
30°C, individual colonies were isolated and purified by repeated
streaking. Isolates were maintained on YEPD agar slants and
kept at 4°C before preservation by freeze-drying. Yeast isolates
were routinely sub-cultured in YEPD at 30°C for 72 h with
shaking at 200 rpm.

Strain M2013310 was cultivated in 50 mL of YEPD medium
and activated in 250 mL flasks at 30°C with shaking at 200 rpm.
Subsequently, 2.5 mL of secondary activated cells grown to mid-
log phase and inoculated into M3 (Phe) based on Mierzejewska
et al. (2017), M3 (NH4'), and M3 (NH4+ + Phe) culture
media (Table 1), respectively. These were incubated at 30°C with
shaking at 200 rpm for 6 h, 12 h, 24 h, 36 h, 48 h, or 72 h
(in triplicate).

Morphological and Physiological

Analysis

Isolates were characterized using established criteria for spore
formation and the physiological tests described by Kurtzman
et al. (2011). Cell morphology was examined by optical
microscopy. Sugar fermentation and assimilation tests were
also performed using the VITEK system with YST cards, in
accordance with the manufacturer’s instructions (bioMérieux).
The effects of various culture media on cell growth were
examined in test tubes containing 10 ml of liquid medium;
these were inoculated with approximately 10° cells/mL. Tubes
were then incubated under both static and shaking conditions
(200 rpm) for 7 days. The ability of the isolates to grow at
different temperatures (4, 8, 16, 20, 28, 34, 37, and 40°C) was then
evaluated using YEPD medium. In order to test the effects of high
sugar concentrations on growth, we supplemented the YEPD
medium with different amounts of glucose (200 g/L, 400 g/L,
and 600 g/L) and incubated these cultures at 28°C. We also
investigated growth in modified YEPD (mYEPD), which lacked
glucose but contained fructose (20 g/L), at 28°C. Cell density was
monitored by measuring ODggo.

Genome Sequencing, Assembly, and

Annotation

Genomic DNA was extracted from strain M2013310 from
pure cultures and sequenced on a PacBio single-molecule real-
time (SMRT) Sequel sequencer. De novo genome assembly of
the PacBio reads was then carried out using the hierarchical
genome-assembly process (HGAP4) with default parameters,
including consensus polishing with Quiver (Chin et al.,, 2013).
Augustus (version 3.3) was used for gene prediction (Stanke
and Morgenstern, 2005), and non-coding RNA was identified
by sequence alignment with the Rfam database (version 12.0)
(Gardner et al., 2009). Gene functional annotation was performed
by aligning the protein sequences to the National Center for
Biotechnology Information Non-redundant protein sequences
(NCBI NR), Clusters of orthologous groups for eukaryotic
complete genomes (KOG), and Kyoto Encyclopedia of Genes

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 597454


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Dai et al.

Yeast in Fermented-Food Production

TABLE 1 | The compositions of the cell culture media used to produce 2-PE in this study.

Glucose (g/L) Sucrose (g/L) YNB (g/L) I-Phe (g/L) (NH34)2S04 (g/L) MgS047H,0 (g/L)
M3 (Phe) 30 8 1.7 9 - 0.5
M3 (Phe + NH4*) 30 8 1.7 4.5 2.25 0.5
M3 (NHa ™) 30 8 1.7 - 4.5 0.5

Yeast nitrogen base (YNB) without amino acids and ammonium sulfate (BD Co., Ltd.).

and Genomes (KEGG) databases, using BLASTP v2.3.0+ with an
E-value cut-off of 1 x 107°.

Phylogenetic Analysis

Orthologous and paralogous gene families were assigned from
six species (Z. rouxii, Z. bailii, Z. parabailii, S. cerevisiae,
S. eubayanus, and S. arboricola) by OrthoFinder (Emms
and Kelly, 2015) with default parameters. Gene families that
contained only one gene for each species were selected to
construct a phylogenetic tree. The protein sequences of each
gene family were independently aligned by Muscle v3.8.3 (Edgar,
2004) and then concatenated into one super-sequence. The
phylogenetic tree was constructed by maximum likelihood (ML)
using PhyML v3.0 (Guindon et al., 2010; Darriba et al., 2011).

Determination of Volatile Flavor

Components

Gas chromatography tandem mass spectrometry (1200 L
GC/MS-MS; Varian Company, United States) was used to detect
volatile flavor components. Chromatography included a DB-
WAX (30 m x 0.25 mm x 0.25 pm) capillary column. Helium
was used as a carrier gas (flow rate: 0.8 mL/min). The initial
temperature was 40°C; this was maintained for 4 min. A 6°C/min
rate was then used to reach 160°C, and a 10°C/min rate to
reach 220°C; this was maintained for 6 min. Mass spectrometry
involved an interface temperature of 250°C, an ion source
temperature of 200°C, the EI ionization mode, an electron energy
of 70 eV, a detection voltage of 350 V, and an emission current
of 200 pLA.

The Growth of Z. rouxii M2013310 in the

Presence of Exogenous 2-PE

In brief, 2.5 mL of the secondary activated strain of Z. rouxii
M2013310 was inoculated into 50 mL of fresh YEPD medium in
five 250 mL flasks and cultivated at 30°C with shaking at 200 rpm.
When the cultures achieved an ODggg of 0.8, we added 2-PE to
five of the flasks to a final concentration of 1, 2, 3, 4, 5 g/L. The
sixth flask acted as a control and did not contain 2-PE. Cultures
were incubated for 24 h, 48 h, or 72 h (in triplicate) and growth
was monitored by the measurement of ODggp measurement.

Growth, Glucose Assays, L-Phe, and

2-PE Fermentation Analysis

In brief, 5 ml of each culture was centrifuged at 8000 rpm for
3 min at 4°C. We then discarded the supernatant and added
an equivalent volume of deionized water. The ODgoo was then
determined using a spectrophotometer. Glucose consumption

was determined by the DNS method (Deed et al., 2018). One
milliliter of culture was centrifuged for 10 min at 12000 rpm at
4°C. The remaining supernatant was then used to determine the
concentration of 2-PE and L-Phe, which were both quantified
by high performance liquid chromatography (Thermo Fisher
Scientific) with a C-18 column. A solvent, consisting of ultra-pure
water/methanol (40/60), or ultra-pure water/methanol (50/50),
was applied for the analysis of 2-PE or L-Phe, respectively, with a
constant flow rate of 0.6 mL/min or 1 mL/min. We then estimated
the concentrations of 2-PE and L-Phe at 210 nm and 260 nm,
respectively.

Quantitative Real-Time PCR (qQRT-PCR)

Total RNA was isolated from yeast cells with a total RNA
extraction kit (Tiangen Biochemical Technology Co., Ltd.). We
then used qRT-PCR to determine the relative mRNA expression
levels of GAPI, ARO8, ARO9, AROI0, or ENOI. The reaction
mixture for reverse transcription included 1pg of total RNA,
4 pL of 4 x gDNA wiper Mix, 4 pL of 5 x HiscriptIIqQRT
SuperMix II, and RNase free ddH,O (Vazyme Biotech Co.,
Ltd.). PCR was performed at 50°C for 15 min and 85°C for
5 s. A 20 pnL reaction mixture was prepared for each qPCR
reaction and contained 10 pL of ChamQ Universal SYBR qPCR
Master Mix, gene-specific primers (Table 2), 1 pL of Temple
DNA/cDNA, and RNase free ddH,O. PCR was then performed
at 95°C for 30 s, with 40 cycles of 95°C for 10 s and 60°C for
30 s, 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s, using a
QuantStudio 3 real-time PCR system (Thermo Fisher Scientific).
Delta cycle threshold (ACr) values were calculated by the Crs
of the target genes minus the Cr of ENOI, which was used
as a housekeeping gene. A AC values were calculated by ACr
values from the experimental samples - the Cr of the control
sample. Fold changes were calculated using the 272 4 €T method
(Livak and Schmittgen, 2001).

RESULTS AND DISCUSSION

Phenotypic Characteristics

After 3 days of growth at 28°C in YEPD broth, cells from strain
M2013310 were observed to adopt an ovoid or slightly elongated
shape. These cells were 2.6-2.7 x 4.1-5.0 pwm in diameter, non-
flagellated, non-gliding, and appeared in pairs or in small groups.
Colonies on YEPD agar were white in color, opaque, and circular,
with regular margins after incubation for 3 days at 30°C. Growth
occurred with 0-24% NaCl (w/v) at 6-34°C and at a pH of 4.0-
7.0. Sugar fermentation and assimilation tests showed that the
cultures were positive for leucine-arylamidase activity, D-glucose
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TABLE 2 | The primers used in this study.

Primers Sequences

ENOF 5'-CGGTATGGACTGTGCTTCTTCTG-3'
ENOR 5-GGATGGGTCGCTGTTAGGGTTCTT-3
ARO9 F 5-GGTATGCCCAATGCTGGCTTC-&
ARO9 R 5-CACTAGCGGCCTCATACCCTCAGTG-3'
ARO10 F 5 -TTACGCTGCTGATGGTTATTCTCGC-3'
ARO10 R 5-CGGCAACACCATTTATCGCAC-3
GAP1 F 5 -AAAGATTGCTATTGCTACCGCCAG-3’
GAP1 R 5 -AACGCAGTACCAGACCCAAC-3
AROS8 F 5-GCTCAAGGTGTTACTACCATTCC-3
ARO8 R 5-GACGTACCAGTTGGGTTTTGAC-3'

TABLE 3 | The assembly of the genome for strain M2013310.

Assembly feature CCTCC M2013310
Assembled sequence (bp) 18,600,657

No. of scaffolds 38
Sequence depth 303.70
Maximum contig length (bp) 1,922,742

N50 length (bp) 1,437,955
N9O length (bp) 819,506

GC content in Genome (%) 39.9

assimilation, D-mannose assimilation, and xylitol assimilation.
However, the cultures were negative for L-lysine-arylamidase,
tyrosine arylamidase, B-N-acetyl-glucosaminidase, y-glutamyl-
transferase, PNP-N-acetyl-beta-D-galactosaminidase, urease,
a-glucosidase, esculin hydrolyze, L-malate assimilation, erythritol
assimilation, glycerol assimilation, arbutine assimilation,
amygdalin assimilation, D-galactose assimilation, gentiobiose
assimilation, lactose assimilation, methyl-A-D-glucopyranoside
assimilation, D-cellobiose assimilation, D-maltose assimilation,
D-raffinose assimilation, D-melibiose assimilation, D-melezitose
assimilation, L-sorbose assimilation, L-rhamnose assimilation,
D-sorbitol assimilation, sucrose assimilation, D-turanose
assimilation, D-trehalose assimilation, nitrate assimilation,
L-arabinose assimilation, D-galacturonate assimilation, L-
glutamate assimilation, D-xylose assimilation, DL-lactate
assimilation, acetate assimilation, citrate (sodium) assimilation,
glucuronate assimilation, L-proline assimilation, 2-keto-D-
gluconate assimilation, N-acetyl-glucosamine assimilation, and
D-gluconate assimilation. Morphological and physiological
results demonstrated that strain M2013310 was characteristic of
the species Z. rouxii (James, 2011).

High-Quality Genome Assembly and

Gene Annotation

We generated 7.3 gigabase (Gb) PacBio single-molecule real-time
(SMRT) sequences with a mean read length of 3.9 kb. These
PacBio SMRT sequences was assembled into 38 contigs with a
total length of 18.6 Mb, an N50 length of 1.4 Mb, and an N90
length of 0.8 Mb (Table 3), via the hierarchical genome-assembly
process (HGAP4).

TABLE 4 | The general features of strain M2013310, Z. rouxii CBS732, and
S. cerevisiae S288c genomes.

Strain CCTCC Z. rouxii S. cerevisiae
M2013310 CBS732 S$288c
Ploidy (~2n) n n
Genome size (Mb) 18.6 9.7 12.3
GC content in genome (%) 39.9 39.1 38.3
Total number of CDS 9,043 4,991 5,769
GC content in CDS (%) 40.7 40.2 40.3
Average CDS length (bp) 1,607 1,491 1,464

The GC content in the genome of strain M2013310 was
similar to that of S. cerevisiae S288c and Z. rouxii CBS732
(Table 4). Furthermore, the gene density and mean GC content
in the sequence coding for amino acids in protein (CDS) of
the M2013310 genome are similar with those described for
other hemiascomycetous yeasts, including S. cerevisiaze S288c¢
and Z. rouxii CBS732 (Table 4). In total, 9,043 genes were
predicted to be present in the genome of M2013310. This is
approximately twice that of the genes annotated for Z. rouxii
CBS732 (4,991 genes), 89.5% of these genes were considered
to be duplicated genes (8,097 genes) as the proteins encoded
share >70% identity and >70% coverage at the amino acid
level (Supplementary Table S1). The total genome size of strain
M2013310 (18.6 Mb) was well above the size expected for a
haploid genome (type strain Z. rouxii CBS732, 9.7 Mb). These
results indicated that the genome of M2013310 could be diploid.
The 9,043 genes identified in strain M2013310 were functionally
annotated using KOG function categories (Tatusov et al., 1997)
(Figure 1 and Supplementary Table S2). Analysis showed that
the highest number of genes were assigned to the functional
categories of ‘general function prediction only’ (869 genes),
‘posttranslational modification, protein turnover, chaperones’
(702 genes), and ‘translation, ribosomal structure and biogenesis’
(558 genes). In addition, 493 genes were assigned to unknown
functions. The vast majority of the proteins in strain M2013310
exhibited homologs with proteins found in yeast species which
are phylogenetically close to species of Z. rouxii, including
Z. bailii, Torulaspora delbrueckii, S. cerevisiae, and other yeasts
of the Saccharomycetaceae family. These results showed that
M2013310 may be an allodiploid yeast.

Phylogenic Analysis Based on Genome

Sequences

The phylogenetic position of M2013310 was evaluated by
analyzing eight reference genome sequences from related yeast
strains. The phylogenetic tree shows that all strains of the
Saccharomyces genus and Zygosaccharomyces rouxii formed a
very tight cluster adjacent to other Zygosaccharomyces species.
The M2013310 strain formed a branch with Z. rouxii CBS732
and both species showed separation from the clade that was
phylogenetically linked to Saccharomyces species (Figure 2).
These results showed that M2013310 is more closely related to
Z. rouxii species, which had also been proved by phylogenetic tree
based on 26S rDNA (Supplementary Figure S1).
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FIGURE 1 | KOG function categories for strain M2013310.
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FIGURE 2 | A phylogenetic tree for strain M2013310, as constructed using Orthofinder based on single-copy orthologs.
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Determination of Volatile Flavor

Components

Volatile flavor compounds produced by Z. rouxii M2013310 were
analyzed by solid phase micro extraction-mass spectrometry;
the resultant spectrum is show in Figure 3. We also used
spectrometry to identify total ion chromatograms for the volatile
flavor components of Z. rouxii M2013310, including 16 types of
alcohols, 2 types of phenols, 9 types of esters, 6 types of aldehydes,
8 types of ketones, 11 types of acids, 8 types of heterocyclic
compounds, and 4 types of alkanes. Some important alcohol
compounds (acetic acid, 2-phenylethyl ester, 3-methyl-1-butanol,
and 2-phenylethanol) were detected in 7.2%, 11%, 13.2%, and
24.3%, of the total number of volatile flavor compounds,
respectively (Supplementary Table S4). These results indicated
that Z. rouxii M2013310 was capable of producing 2-PE.

Analysis of the Pathway Used to

Synthesize 2-Phenylethanol

KEGG pathway analysis showed that Z. rouxii M2013310 harbors
the glycolysis, tricarboxylic acid (TCA), Shikimate, and Ehrlich
pathways (Figure 4 and Supplementary Table S3) (Kanehisa
et al,, 2013). In the presence of preferred nitrogen sources, 2-PE
was produced by de novo synthesis via the Shikimate pathway.
Phosphoenolpyruvate (PEP), and erythrose-4-phosphate (E4P),
arising from the glycolysis and pentose-phosphate pathways,
respectively, are catalyzed to synthesize 1 by AROF, AROG and
AROH, which encode 3-deoxy-7-phosphoheptulonate synthase.
Phenylpyruvate is then synthesized via a series of reactions
and finally converted into 2-PE. The major limitation of
the Shikimate pathway is that the glycolysis and pentose-
phosphate pathways are mainly directed into the TCA cycle
for cell growth rather than for the synthesis of 2-PE. In

comparison, the yield of 2-PE is significantly improved when
2-PE is bio-transformed from L-Phe via the Ehrlich pathway.
The ARO9 gene encodes aromatic aminotransferases II while
the ARO8 gene encodes aromatic aminotransferases I; these
enzymes catalyze the conversion of L-Phe to phenylpyruvate.
However, the by-product of this process, glutamate, is produced
during the transamination reaction. GUDB, ROCG, GDH2 and
GDHA encode glutamate dehydrogenase, and enzyme that
catalyzes glutamate to synthesize a-ketoglutarate that is directed
into the TCA, thus repressing the synthesis of 2-PE via the
Ehrlich pathway. The AROI0 gene encodes phenylpyruvate
decarboxylase, a rate-limiting enzyme, which catalyzes the
decarboxylation of phenylpyruvate to phenylacetaldehyde. ADH
encode alcohol dehydrogenases that catalyze the reduction of
phenylacetaldehyde to form 2-PE (Hazelwood et al., 2008).

The production of 2-PE is highly dependent on the source
of nitrogen. Different sources of nitrogen can influence the
expression of crucial genes by nitrogen catabolite repression
(NCR) (Cooper, 2002). The uptake of non-preferred nitrogen will
result in NCR; this will significantly diminish in the presence of
preferred nitrogen sources, thus affecting the expression of the
general amino acid permease GAP1p that is used to transport
aromatic amino acid L-Phe into yeast cells (Sdenz et al., 2014;
Wang Z. et al, 2017). ARO8, AROY, and AROI0, are the
predominant research targets for the Ehrlich pathway. AROS is
responsible for the biosynthesis of phenylalanine and tyrosine
(Iraqui et al, 1998). The expression of ARO9 is induced by
aromatic amino acids; while ARO9 and ARO10 are NCR-sensitive
genes; their expression levels are regulated by GATA factors
consisting of Gln 3 and Gat 1 (Broach, 2012; Lee and Hahn, 2013).
Therefore, when using L-Phe as a sole source of nitrogen, yeasts
such as S. cerevisiae can achieve maximized yields of 2-PE. The
identification of the 2-PE biosynthesis pathway, and the roles
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of specific genes in this pathway, will play an important role
in improving the production of 2-PE in a range of commercial
sectors.

The Effect of Exogenous 2-PE on the
Growth of Z. rouxii M2013310

Previous research has shown that 2-PE can enhance reactive
oxygen species (ROS) accumulation, lipid peroxidation, and cell

membrane damage, thus significantly inhibiting the production
of 2-PE (Wang et al, 2020). The 2-PE yield of strain can be
improved by the application of in situ product removal (ISPR)
to alleviate the toxicity of 2-PE (Mierzejewska et al., 2017;
Chreptowicz et al., 2018; Hua et al., 2010). Furthermore, the
tolerance of strain to 2-PE plays an important role in alleviating
product inhibition. To study the tolerance of Z. rouxii M2013310
with regards to 2-PE, we cultivated this yeast strain in YEPD
supplemented with exogenous 2-PE to final concentrations of
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FIGURE 5 | The effect of exogenous 2-PE on the growth of Z. rouxii M2013310.

1g/L,2g/L,3¢g/L,4g/Land5 g/L. After 72 h of fermentation,
the cell density in the control group control was 7.11- and
32- fold higher than the density of cells in YEPD containing
4 g/L and 5 g/L 2-PE. At concentration of 5 g/L, the growth of
the strain was significantly inhibited (Figure 5). These results
showed that Z. rouxii M2013310 is tolerant to 2-PE up to a
concentration of 4 g/L.

The Effect of Different Nitrogen Sources
on Growth and 2-PE Biosynthesis in
Z. rouxii M2013310

To further investigate the pathway used to synthesize 2-PE, we
inoculated Z. rouxii M2013310 into three different culture media:
M3 (Phe), M3 (NH4T), and M3 (Phe + NH4"). The M3 (Phe)
and M3 (NH4+) media use L-Phe and ammonium sulfate as
the sole source of nitrogen, respectively. When cultured in M3
(Phe) media, Z. rouxii M2013310 used Ehrlich pathway to bio-
transform L-Phe into 2-PE. When grown in M3 (NH4 ") media,
the yeast produced 2-PE by de novo synthesis (Etschmann et al.,
2002, 2004). When grown in M3 (Phe) and M3 (NH4") media,
Z. rouxii M2013310 entered the stationary phase at 36 h; ODggg
reached 13.4 and 11.25, respectively. However, the production of
2-PE in M3 (Phe) was 942-fold higher than that in M3 (NH4 ™).
The highest yield of 2-PE, without the application of in suit
product removal (ISPR), was 3.58 g/L in M3 (Phe) medium. This
strain exhibited a four-fold higher capacity to produce 2-PE than
Z. rouxii CBS 5717 (Etschmann et al., 2003). Collectively, these
data indicate that the biotransformation of L-Phe to 2-PE is a key
process in the production of 2-PE.

Data relating to cell density and glucose consumption for the
yeast were similar when cultivated in either M3 (Phe) or M3
(Phe + NH41) medium, thus indicating that the co-existence
of ammonium sulfate and L-Phe did not affect the growth of
Z. rouxii M2013310. The concentration of 2-PE in M3 (Phe)
was two-fold higher than that in M3 (Phe + NH4™') after
72 h of fermentation; we anticipated that the production of
2-PE would have continued to increase after this timepoint.
During the adaptive period and the log phase, the strains
grown in M3 (Phe) and M3 (Phe + NH4") synthesized
2.3 g/L and 1.28 g/L of 2-PE, respectively. The 2-PE synthesis
ability in M3 (Phe) and M3 (Phe + NH4") was 64 mg/L/h
and 36 mg/L/h, respectively. The consumption of L-Phe was
2.67 g/L and 1.45 g/L, respectively, with a consumption rate of
74 mg/L/h and 40 mg/L/h. After 36 h of fermentation, yeast
cells entered the stationary phase and the consumption of L-
Phe decreased notably. The consumption of L-Phe was 0.33 g/L
and 0.29 g/L after 36 h and 72 h of culture, respectively, with a
consumption rate of 9.2 mg/L/h and 8.1 mg/L/h (Figures 6A,B).
The concentration of 2-PE in M3 (Phe) and M3 (Phe + NH,™)
increased, to 1.28 g/L and 0.51 g/L, respectively, producing
35.5 mg/L/h and 14.2 mg/L/h of 2-PE, respectively. In M3 (Phe)
and M3 (Phe + NH4") media, the yield of 2-PE was 5.3- and
2.3-fold higher than the maximum theoretical concentration of
the product that could be achieved by the bioconversion of
the remaining L-Phe after 36 h of fermentation. This indicated
that there may be additional enzymes that are activated to
promote the biotransformation of intermediates in the Ehrlich
pathway to synthesize 2-PE, or that the strain also synthesized
2-PE via the Shikimate pathway. These remain for future
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FIGURE 6 | The effects of different nitrogen sources on the growth (A) and 2-PE synthesis of Z. rouxii M2013310 (B).

studies to determining the concentration of phenylpyruvate and
phenylacetaldehyde and the activity of related enzyme (Wang
P. et al, 2017; Wang Z. et al,, 2017). The transformation ratio
of the non-genetically modified strain of Z. rouxii M2013310

was 0.53 mol/mol. Furthermore, a strain of S. cerevisiae S288c
(0.5 mol/mol) that over-expresses ARO8 and AROI0 (Yin
et al., 2015), exhibited a clear advantage with regards to 2-PE
production.
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The Relative Expression Levels of GAP1,
ARO8, ARO9, and ARO10, in Z. rouxii
M2013310 When Cultured in Different
Media

qRT-PCR analysis showed that the mRNA levels of general
amino acid permease (GAPI) in M3 (Phe) and M3 (NH4™)
were 124- and 86-fold higher than that in M3 (Phe + NH4*)
after 24 h of fermentation. When L-Phe and ammonium
sulfate were used as nitrogen sources, GAPlp activity fell

rapidly although L-Phe uptake and bioconversion continued
(Figure 6B). These results suggested that GAPlp was not
the only permease involved in L-Phe uptake (Sdenz et al,
2014).

The mRNA levels of ARO9 were similar when compared
in three different culture media, thus indicating that the
concentration of ammonium ions in the media had little effect
on the expression of ARO9. The expression levels of ARO8
mRNA in M3 (NH4t) and M3 (Phe + NH4t) were similar
after 48 h of fermentation and the mRNA levels of AROS in the
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two types of culture media were 10-fold higher than that in M3
(Phe). The mRNA levels of ARO10 (2-keto acid decarboxylase)
in M3 (NH4%) were significantly higher than those in M3
(Phe + NH4") and M3 (Phe) media. The expression levels of
AROS8 and AROI10 mRNA in M3 (Phe) were lower than in the
other two media. However, when comparing the concentration
of 2-PE after fermentation of the strain in three different media,
we found that the highest concentration of 2-PE was produced
by the strain grown in M3 (Phe) media (Figure 7). This data
suggests that this strain of yeast may bio-transform L-Phe to 2-
PE via an alternative pathway, or these crucial enzymes (AROS8p,
ARO10p, and GAP1p) may be regulated by other genes such
as AGPI, BAP2, and PDC (Kim et al., 2014; Saenz et al,
2014). However, this hypothesis needs to be verified by future
research studies.

CONCLUSION

In the present study, we used PacBio sequencing technology
to characterize the biological properties and genomic features
of Z. rouxii M2013310, a strain of yeast, that we isolated from
chili sauce. In addition, we found that Z. rouxii M2013310
was capable of synthesizing 2-PE in YEPD medium. We used
three different types of culture media to investigate the pathway
by which Z. rouxii M2013310 synthesizes 2-PE. The highest
concentration of 2-PE synthesized by Z. rouxii M2013310
was 3.58 g/L in the M3 (Phe) medium. Transamination and
decarboxylation are essential for 2-PE synthesis via the Ehrlich
pathway. Similarly, ARO8, AROY9, and AROIO, genes are all
crucial L-Phe biotransformation. The mRNA levels of ARO8
and AROIO in Z. rouxii M2013310 grown in M3 (Phe) were
lower than when the same yeast strain was grown in M3
(NH4™) or M3 (Phe + NH; ") media. Our data suggest that the
Ehrlich pathway may not be the only pathway involved in the
synthesis of 2-PE in M3 (Phe) medium of Z. rouxii M2013310,
although this requires further verification. We identified a
promising target strain (Z. rouxii M2013310) that can be
used to improve the commercial production of 2-PE, which is
firstly proposed.
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Huangjiu (Chinese rice wine) has been consumed for centuries in Asian countries and
is known for its unique flavor and subtle taste. The flavor compounds of Huangjiu are
derived from a wide range of sources, such as raw materials, microbial metabolic activities
during fermentation, and chemical reactions that occur during aging. Of these sources,
microorganisms have the greatest effect on the flavor quality of Huangjiu. To enrich
the microbial diversity, Huangjiu is generally fermented under an open environment,
as this increases the complexity of its microbial community and flavor compounds.
Thus, understanding the formation of flavor compounds in Huangjiu will be beneficial
for producing a superior flavored product. In this paper, a critical review of aspects that
may affect the formation of Huangjiu flavor compounds is presented. The selection of
appropriate raw materials and the improvement of fermentation technologies to promote
the flavor quality of Huangjiu are discussed. In addition, the effects of microbial community
composition, metabolic function of predominant microorganisms, and dynamics of
microbial community on the flavor quality of Huangjiu are examined. This review thus
provides a theoretical basis for manipulating the fermentation process by using selected
microorganisms to improve the overall flavor quality of Huangjiu.

Keywords: Huangjiu (Chinese rice wine), flavor compounds, microbial community, raw material, fermentation
technology, yeast starter, fungi

INTRODUCTION

Huangjiu (Chinese rice wine), which is brewed with cereal grain, yeast, and Qu (a saccharification
starter, which is similar to the “koji” starter used for making Japanese sake), has a history dating back
more than 5,000 years (Varela et al., 2015). Huangjiu has been widely consumed in Asia because
of its desirable flavor (Yu et al., 2019). According to the report released by the National Statistics
Bureau of China', consumption of alcoholic beverages in China exceeded 800 billion Yuan in 2019,
whereas the market share of the Huangjiu industry is significantly smaller than other alcoholic
beverages (such as Chinese Baijiu and beer) in China. The lack of flavor diversity and individuation
in Huangjiu is responsible for the phenomenon.

'http://lwzb.stats.gov.cn/pub/Iwzb/gzdt
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As an alcoholic beverage, aroma is the most important factor
governing the perceived quality of Huangjiu and consumer
preference. Based on aroma types, Huangjiu is divided into
traditional-aroma Huangjiu, light-aroma Huangjiu, and special-
aroma Huangjiu. Different raw materials and fermentation
technologies result in varied aromas of Huangjiu. The production
of these three different types of Huangjiu is shown in Figure 1.
Generally, Huangjiu is produced by three major processes:
selection and pretreatment (soaking) of raw materials, alcoholic
fermentation, and post-process treatment. The brewing processes
not only affect the fermentation efficiency of Huangjiu, but
also largely determine the overall flavor quality of Huangjiu.
During soaking, the acid-producing microorganisms use the
water-soluble nutrients of rice to grow and produce various acids,
which acidify the rice (Adeniran et al., 2012). The acidified rice
that contributes to the low pH during initial fermentation can
inhibit the growth of miscellaneous bacteria and is conducive
to the successful alcoholic fermentation. During the alcoholic
fermentation stage, the Huangjiu is firstly fermented at 28°C
for 5 days (primary fermentation) and then at 10-15°C for 10-
20 days (secondary fermentation; Yang et al., 2019). Primary
fermentation assists the growth of yeast, which ferments sugars
to ethanol, while secondary fermentation performed under low
temperatures increases the accumulation of aroma compounds
(Luo et al., 2008; Cao et al, 2010). Finally, the post-process
treatment involves sterilization to inactivate microorganisms,
thus ensuring the safety and shelf life of Huangjiu, while aging
promotes the condensation of acids with alcohols to form
esters, which improve the flavor profile of Huangjiu. However,
conventional sterilization methods (e.g., boiling at 80-95°C for
15-30 min) lead to large nutritional losses, significant flavor
changes, and poor vinosity, all of which are key limitations in the
current Huangjiu industry (Yang et al., 2019).

The aroma of Huangjiu is the result of various volatile
flavor compounds. Therefore, as the nature, range, and relative
concentrations of these compounds change, so do does the aroma
and flavor characteristics of Huangjiu. Currently, more than
900 kinds of volatile flavor compounds have been detected in
Huangjiu, mainly including esters, alcohols, ketones, aldehydes,
phenols, and acids (Chen et al., 2018). As Huangjiu is brewed
using a variety of microorganisms co-fermenting under an open
environment, the microbial community of Huangjiu during
brewing plays a decisive role in the production of flavor
compounds (Zhu et al., 2015). Microorganisms detected during
Huangjiu brewing are yeast, bacteria, and filamentous fungi;
of these, yeast and filamentous fungi contribute the most
aroma components due to their involvement in saccharification,
liquefaction, and alcoholic fermentation (Huang et al., 2018;
Chen C. et al, 2020). Changes in the raw materials or
fermentation process directly influence the composition of
microbial communities and thereby alter the flavor profile of
the resulting Huangjiu. Thus, studying the microbial community
composition and changes in the community structure during
brewing will improve our understanding of the formation of
Huangjiu flavor compounds and lay a theoretical foundation for
producing more diverse flavors in Huangjiu.

In this review, we summarize the research on the selection
and pretreatment of raw materials, alcoholic fermentation,

post-process treatment, and microorganisms that influence the
formation of flavor compounds during Huangjiu brewing. We
focus on the research that examines the effect of microbial
community composition, metabolic function of predominant
microorganisms, and changes of microbial community on the
flavor quality of Huangjiu. This review will assist brewers in
producing Huangjiu with high flavor quality and diversity.

SELECTION AND PRETREATMENT OF
RAW MATERIALS TO IMPROVE
HUANGJIU FLAVOR

Raw materials greatly contribute to the flavor by providing
microorganisms with precursors of flavor compounds that are
crucial for the aroma of Huangjiu (Xu et al., 2018; Chen T. et al,,
2020). Rice starch and proteins are correspondingly degraded by
microbial enzymes and mostly converted into glucose and amino
acids, which effects not only the growth of microorganisms,
but also that of the metabolites of microorganisms (Figure 2).
Different grains contain different proportions of starch, protein,
and fat, so that the resultant Huangjiu exhibits different
flavor characteristics. In addition, the pretreatment of raw
material (soaking) also has an important effect on the flavor
quality of Huangjiu.

Selection of Grains Appropriate for

Huangjiu Fermentation

Grains vary significantly in bitterness, color, and freshness
(Shekhawat et al., 2017). Desirable grains used for fermentation
need to have a high content of amylopectin, and low contents
of protein and fat. The microcrystalline structure of amylopectin
in rice is more disordered than that of amylose (Area et al,
2019). Thus, grains containing a high amylopectin content
are preferentially used by microorganisms to produce flavor
compounds during Huangjiu brewing. Rice varieties also differ
in their physicochemical properties, such as the starch granule
size, the relative proportion of amylose and amylopectin, and
the chain length distribution of polysaccharide (Ahmed et al.,
2015). Glutinous rice is considered as the best for producing
Huangjiu with a high flavor quality as it contains up to 98%
amylopectin (Pachuau et al., 2017). However, due to the high cost
and strong taste of the resulting wine, glutinous rice is used for
brewing traditional-aroma Huangjiu, such as Hong Qu Huangjiu
and some Shaoxing Huangjiu, but is rarely used for brewing
light-aroma Huangjiu. Rao et al. (2014) used Yangzhou rice (a
type of japonica rice) to ferment Huangjiu and observed that
this rice had a higher rate of water absorption than glutinous
rice, which resulted in less raw rice remaining after processing.
As the use of Yangzhou rice yields Huangjiu with a high
concentration of amino acids and a refreshing, lighter flavor,
Yangzhou rice is considered a good substitute for glutinous rice
in Huangjiu brewing.

The 2-phenylethyl alcohol, which has a unique and pleasant
rose-like aroma in Huangjiu, is substantially affected by the
raw materials used (Chen et al., 2009; Martinez-Avila et al.,
2018). Compared to rice, sorghum and maize produced higher
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FIGURE 1 | The brewing process of Huangjiu with different aroma types.
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FIGURE 2 | Metabolism of major flavor compounds during Huangjiu brewing.

Fat

contents of 2-phenylethyl alcohol for Huangjiu brewing. This
was attributable to the high content of L-phenylalanine in
sorghum and maize, as L-phenylalanine is the substrate for
the generation of 2-phenylethyl alcohol and its content in
raw materials positively affects the yield of 2-phenylethyl

alcohol (Cao et al., 2010; Pineda et al., 2012). When the toxic
analog of L-phenylalanine—fluorinated L-phenylalanine is
used as a substrate, selecting yeast mutants with resistance
to fluorinated L-phenylalanine also allows the increased
production of 2-phenylethyl alcohol (Akita et al, 1990;
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Duenas-Sanchez et al., 2014; Cordente et al., 2018). In addition,
the tannin content of raw materials has been shown to affect the
flavor of the resulting Huangjiu. Jia et al. (2018) observed that
Huangjiu brewed with sorghum varieties containing different
contents of tannin exhibited different flavor characteristics.
The differences in fungi community structure induced by
different tannin contents may be responsible for the results
(Shi et al., 2011).

As consumers demand a diverse range of products, Huangjiu
brewing is no longer limited to using commonly consumed
grains. The development of new raw materials, such as loquat
leaf, oatmeal, barley, and bitter buckwheat, as well as the fungus
Cordyceps militaris, have become popular topics in Huangjiu
brewing research (Yue et al., 2012; Chen and Xu, 2013; Wang
et al,, 2013; Li H. et al., 2014). Raw materials for Huangjiu
brewing are selected not only according to the drinking habits of
people in different regions and for economic reasons, but also for
enhancing the taste and flavor of Huangjiu. Auxiliary materials
can be applied to strengthen the specific flavor characteristics and
health benefits of the resultant Huangjiu.

Effective Soaking Conditions for Rice
Soaking is one of the most important processes during Huangjiu
brewing and directly affects the initial fermentation acidity
and flavor quality of the resulting wines. The soaking process
involves water absorption-mediated expansion of rice, partial
decomposition of starch, and acidification of rice (Ji et al,
2013). The total acidity, the concentration of lactic acid, and
the lactic acid bacteria (LAB) count in the water after rice
soaking are important indicators for evaluating the quality and
flavor of Huangjiu.

In traditional brewing of Huangjiu, the rice may be soaked for
several weeks, while in modern brewing, soaking is performed for
only a few days (Chen et al., 2018; Lv et al., 2018). However, even
in modern brewing, a successful soaking process needs to rely
on the empirical knowledge of winemakers. The soaking acidity
needs to reach a value ranging from 2 g/L to 5 g/L (or soaking 1-
3 days in summer and soaking 2-5 days in winter) using modern
techniques. Gong et al. (2020) evaluated the effect of different
soaking times on rice used for Huangjiu brewing, concluding
that the total acidity and amino nitrogen of soaking increased
slowly at first, then increased rapidly and finally became stable,
while the reducing sugar content exhibited the opposite tendency.
Nevertheless, there is still no specific standard regulations for rice
soaking, which may result in the inconsistency of quality in terms
of taste and flavor among different batches of Huangjiu. In future,
standardized soaking procedures should be established to ensure
the between-batch flavor stability of Huangjiu.

EFFECTS OF ALCOHOLIC
FERMENTATION ON THE FLAVOR OF
HUANGJIU

The principal metabolic process in Huangjiu brewing is the
alcoholic fermentation, which consists in the biotransformation
of rice nutrients into a wide variety of metabolites responsible

for aroma and flavors (Querol et al, 2018). During alcoholic
fermentation, fermentation starters of yeast and saccharification
starters of Qu involved in the principal metabolic process are
applied to improve the quality of Huangjiu. However, the starter
strains may be sensitive to environmental conditions during the
long fermentation period and thus developing high-efficiency
fermentation techniques that are suitable with the growth of
strains are also necessary.

Fermentation Starter of Yeast

Within yeast species, Saccharomyces strains are the main group
that can survive and contribute to wine fermentation. Yeast
fermentation not only produces ethanol, but also generates a
range of volatile flavor compounds, which result in the specific
flavor characteristic of Huangjiu (Fleet, 2003; Chen and Xu, 2012;
Cai et al, 2018). As microbial composition during Huangjiu
fermentation is complex, a purebred yeast starter is typically
used to provide a growth advantage by preventing the excessive
proliferation of bacteria, as this can lead to rancidity. However,
Yang et al. (2017) found that fermentation performed with
inoculation of a single Saccharomyces strain leads to a less
mellow flavor and taste than that of Huangjiu fermented with
two Saccharomyces strains. The exception is Hong Qu Huangjiu,
which is fermented with Hong Qu and Bai Qu containing a variety
of yeasts instead of purebred yeast. But the undefined number
of different yeasts makes the brewing of Hong Qu Huangjiu
uncontrollable. The use of mixed Saccharomyces strains has been
proven as an effective strategy to improve the flavor profiles and
diversity of Huangjiu (Yang et al., 2017). With the knowledge
that non-Saccharomyces species actively participate during the
alcoholic fermentation, the co-fermentation of selected non-
Saccharomyces with S. cerevisiae has been a new strategy to
produce beer or grape wine products with more complex
aromatic and flavor characters (Escribano-Viana et al., 2018;
Zdaniewicz et al., 2020). In this regard, more and more attention
should be paid to the use of controlled mixed fermentation with
selected S. cerevisiae and non-Saccharomyces yeasts to change the
sensory characteristics of Huangjiu.

During Huangjiu fermentation, due to nutrients consumption
and an accumulation of stressful factors that affect the yeast
fermentation (Figure 3), the alcoholic fermentation sometimes
remains stuck in the secondary fermentation, thus lowering
the quality of the resultant wine (Longo et al., 2020). Among
those factors, ethanol stress is the greatest challenge for yeast
striving to survive and ferment, as yeast contributes to high
ethanol concentration [14-20% (v/v) in the final fermentation
mash of Huangjiu], which is also toxic to yeast cells (Chen
and Xu, 2012; Snoek et al, 2016). Furthermore, nutrients
competition among the complex microbial community during
secondary fermentation of Huangjiu makes yeast confront higher
stress levels. Thus, acquiring yeasts with a high fermentation
performance is always desirable to winemakers, as this can
theoretically result in more complete fermentation and a higher
flavor quality of the resulting wine (Steensels and Verstrepen,
2014). The improvement of fermentation performance and
sensory characteristics by yeast has focused on S. cerevisiae strains
isolated from the natural environment or fermentation foods,
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along with some directed evolution, mutagenesis, and strain
hybridization. Xie et al. (2010) and Yang et al. (2013) screened
S. cerevisiae strains with a quick fermentation ability and high
stress tolerance, which could effectively improve the fermentation
efficacy of Huangjiu. S. cerevisiae hybrid created by the strategies
of directed evolution and protoplast fusion displayed higher
flavor production and oenological performance in Huangjiu
brewing (Yang et al., 2018). Yeast isolates screened with specific
flavor compounds production, such as 2-phenylethanol (De Lima
et al,, 2018), Isoamyl alcohol ester (Asano et al, 1999), and
ethyl caproate (Arikawa et al, 2000; Takahashi et al, 2017),
have also been frequently reported in Japanese sake. Screening
yeast strains for flavor formation in Huangjiu is a technique
that is just now beginning to be used, although it is one that
has been widely developed for Japanese sake. The innovative
screening strategies of Japanese sake are worth learning from for
Huangjiu in the future.

Apart from traditional screening, genetic modification
techniques are also capable of creating new yeast strains with
specific metabolic profiles for alcoholic fermentation (Krogerus
et al,, 2017). Ding et al. (2015) enhanced deacidification activity
in Schizosaccharomyces pombe using genome shuffling, and
Dong et al. (2019) increased production of acetate ester in
S. cerevisiae using a “self-cloning” integration strategy. Ohashi
et al. (2020) reported that the removal of feedback inhibition of
NAGK activity resulted in the significantly higher production of
ornithine in sake and sake cake by gene expression. Although
the methods mentioned above can be used in developing
new yeasts with novel properties for alcoholic fermentation,
genetically modified yeasts are generally not permitted in the
production of alcoholic beverages at present. Therefore, only
novel strains and innovations discovered by natural breeding will
be of immediate use.

Saccharification Stater of Qu

As for the saccharification starter of Qu, it could be made either
by natural inoculation and artificial inoculation (Ji et al., 2018).
Generally, Qu is prepared by the spontaneous fermentation of
raw materials and inoculated with fungal, yeasts, and bacteria to

secrete enzymes such as glucoamylase and protease (Mo et al.,
2009). Artificial inoculation of Qu is often made by purebred
fungus, while natural inoculation of Qu contains abundant
microorganisms. Based on the color of fungal spores, Qu is
classified as yellow Wheat Qu, red Hong Qu, and yellow Hong
Qu. Aside from Hong Qu, in which the dominant fungal species
is Monascus spp., the other artificial Qu are cultivated with
Aspergillus spp. Of these, the commonly used Qu is raw Wheat Qu
(RWQ), which is made by natural inoculation, and cooked Wheat
Qu (CWQ), which is made by artificial inoculation. To make
RWQ, wheat is squashed and squeezed into bricks, followed by
piling up in the natural environment for at least 2 months (Ji et al.,
2018). Although RWQ contains abundant microorganisms that
may be conducive to generating more flavor compounds, it could
not guarantee effective microbial composition and quantity,
rendering control of the brewing process difficult and the quality
of RWQ inconsistent. CWQ, which is inoculated only with
Aspergillus flavus, can improve the saccharification rate as well
as the fermentation efficiency, and thus has been widely utilized
for industrial Huangjiu production. However, purebred CWQ
produces weak-flavored Huangjiu, and thus, a combination of
CWQ and RWQ is generally applied in the Huangjiu industry.
Moreover, to reduce costs and improve efficiency, manufacturers
also explore different combinations of Qu and enzymes as
saccharification starters. Currently, high-temperature a-amylase,
medium-temperature a-amylase, composite glucoamylase, and
acidic protease are the most commonly used industrial enzymes.
The rapid pace of development in enzyme engineering means
that an increasing number of enzymes will be available for
Huangjiu production.

Microorganisms in Qu produce large amounts of cellular
metabolic enzymes that subsequently produce small molecules
throughout Huangjiu fermentation, which contribute to flavor
formation in the final product (Yang et al, 2017). Due to
variations in the production process and raw materials for Qu,
the microorganisms contained therein also vary. Yu et al. (2012)
studied the volatile flavor compounds of different traditional
Huangjiu and their representative fungus in Wheat Qu, and
results showed that Wheat Qu not only acted as a saccharifying
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agent, but also increased the activity of yeast and the formation
of aroma compounds. In other words, the aroma of Huangjiu can
be adjusted according to the amount of Qu used in fermentation,
implying that differences in the amount of Qu could lead to
significant differences in the ultimate flavor profile of the wine.

Different Brewing Techniques for

Huangjiu Fermentation

Traditional Huangjiu is successively produced by saccharification
and fermentation stages. The fermentation allows starch to
be completely hydrolyzed to glucose so that sugar is no
longer produced during the fermentation phase, resulting in
a decrease in the sugar concentration. However, the high
osmotic pressure created by the high initial concentration
of glucose inhibits the growth of yeast and thus limits the
fermentation rate of Huangjiu (Snoek et al, 2016). Hence,
simultaneous saccharification and fermentation, which could
improve fermentation efficiency and reduce energy consumption,
is applied in the production of modern Huangjiu (Wang et al,,
2014). During synchronous fermentation, the sugar produced
by amylase-mediated starch hydrolysis is immediately utilized
by Saccharomyces. This effectively promotes fermentation, and
thus increases ethanol yield, which significantly shortens the
required entire fermentation time and reduces the possibility
of external microbial contamination (Xu et al., 2015). Gong
et al. (2013) examined the effects of different brewing processes
on physicochemical indicators and the concentration of higher
alcohols in Huangjiu. The results showed that the ethanol
concentration in Huangjiu fermented by successive steps of
saccharification and fermentation was lower than that in
Huangjiu from simultaneous fermentation, which was due to
the inhibition of yeast activity and a lack of nutrients. In
terms of higher alcohols, similar results were also observed
between the two fermentation processes. This is because
yeast is inhibited by the high concentration of sugar in
the pre-fermentation period and thus produces lower content
of higher alcohols. That is, during post-fermentation in the
two-step process, low concentrations of carbon and nitrogen
sources were present, which inhibited yeast activity, resulting
in the lack of a-keto acid formation (Takagi, 2019). The
resulting large concentrations of ketone acids could not
be converted into amino acids, which in turn could not
be converted into higher alcohols via the Erlich pathway
(Avalos et al., 2013).

Compared with Huangjiu made from conventionally
fermented steamed rice with Qu and yeast, it has been found
that rice liquefied by enzymes and then fermented with
Qu and yeast exhibited a higher fermentation efficiency (Li
et al, 2013). Applying the method of enzyme liquefaction,
the pretreatment processes of rice soaking and cooking were
both excluded. Bechman et al. (2012) reported that using the
liquefaction method to produce Huangjiu could increase the
content of higher alcohols and decrease the content of sugar.
Furthermore, the content of amino nitrogen was also higher
than wine fermented by simultaneous fermentation. This may
be attributable to the liquefaction of raw material, which would

disperse protein particles throughout the fermented mash,
where they are more easily utilized by proteases to increase the
amino nitrogen level (Arroyo-Lopez et al., 2009). Although the
liquefaction method simplifies the fermentation process and
increases the utilization rate of raw materials, the finished wine
is less palatable. Hence, the liquefaction method has not been
widely applied in the Huangjiu industry.

To prevent environmental pollution of water from soaking,
Wei et al. (2017) proposed an innovative brewing technique
which involved adding Lactobacillus to make up for the total acid
originally produced by soaking. Besides, the metabolic reaction
of Lactobacillus could contribute to the flavor profiles of alcoholic
beverages (e. g., malolactic fermentation in grape wine), though
the role of Lactobacillus in the lavor development of rice wine
has not been investigated systematically (Rhee et al., 2011; Oguro
etal., 2017). The method could not only save water resources and
reduce environmental pollution, but also decrease the content
of biogenic amine, which might have deleterious effects on
human health if the content is too high (del Rio et al., 2020).
Compared to Huangjiu brewed using the rice soaking process,
Huangjiu produced with the addition of Lactobacillus exhibited a
higher content of esters and a lower content of alcohols, which
led to a more soft-tasting Huangjiu after a shorter aging time
(Regueiro et al., 2017; Wei et al., 2017). Moreover, as there is
no standard method for rice soaking, which means that there is
inconsistent quality between different batches of Huangjiu, this
eco-friendly and simplified brewing technique may be widely
applied in the future.

POST-PROCESS TREATMENT TO
ENSURE SAFETY AND ENHANCE
AROMA

Sterilization Techniques

Post-process sterilization is a critical step during Huangjiu
production, since it can partially prevent micro-organism
contamination, which affects the shelf life and safety of
Huangjiu products. Thermal sterilization (boiling at 80-95°C
for 15-30 min) is commonly used in the Huangjiu industry.
However, this conventional boiling technique not only leads
to large nutritional losses, but also significant flavor changes
(Xu et al,, 2015). Moreover, during boiling, glucose, proteins,
polyphenols, and other substances tend to undergo non-
enzymatic browning, which affects the flavor and color of the
final Huangjiu product (Li X. et al, 2014; Xu et al.,, 2016).
Over the past decades, many studies have been conducted
attempting to overcome the limitations of traditional boiling,
and a series of non-thermal sterilization technologies have
been developed for Huangjiu (Chang, 2003; Yang et al., 2019).
Notably, high hydrostatic pressure (HHP) technology inactivates
foodborne spoilage and pathogenic microorganisms without
causing the significant loss of sensory and nutritional value
of food products. Moreover, Tian et al. (2016) concluded that
HHP could shorten the aging time of Huangjiu significantly
and improve wine quality. In another study reported by
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Yang et al. (2019), it was found that HHP treatment appeared
to be more beneficial for the total amount of aroma-active
volatiles in Huangjiu than thermal treatment. Thus, non-thermal
sterilization techniques, such as HHP processing, can effectively
enhance the flavor profiles of Huangjiu, but the high cost
of HHP equipment limits the wide use of this technique in
the Huangjiu industry. As wineries are focused on how to
improve the flavor quality of their wine products, non-thermal
sterilization techniques will become prominent sterilization
techniques in the future.

Formation of Key Flavor Compounds
During Aging

As fresh wine has an insufficient aroma and a rough taste,
it usually requires a period of storage, commonly known as
aging, to reduce its pungency and render it more palatable,
full-bodied, and well-balanced in flavor (Tao et al., 2014).
Huangjiu is commonly stored in traditional pottery jars for
1 to 3 years during the aging process, with high-quality
Huangjiu aged for longer periods (Fan and Xu, 2012). Due
to the high energy consumption and uncontrollability of this
natural aging process, it has failed to meet the market demand.
Consequently, stainless-steel pots are currently used for Huangjiu
aging. However, the flavor characteristics of Huangjiu aged
in a pottery jar are considerably different from those of
Huangjiu aged in a stainless-steel pot at an industrial scale
(Huang et al., 2020). Therefore, understanding the key flavor
compounds and their formation mechanisms is crucial for
optimization of the aging process of Huangjiu. Chen et al.
(2019) reported that vanillin, 3-methylbutanol, sotolon, and
benzaldehyde contributed substantially to the overall aroma of
aged Huangjiu. During aging, the content of aldehydes, ketones,
lactones, and phenolic flavor compounds changed consistently
with aging time. The concentrations of key aroma compounds
such as benzaldehyde, 3-methylbutanol, 1,1-diethoxyethane,
sotolon, and vanillin increased significantly with the aging
time, while those of other key aroma compounds, such as 4-
vinylguaiacol and methional, decreased significantly with aging
time. However, the formation mechanisms of these key flavor
compounds remain to be elucidated.

Aging involves two processes: physical maturation and
chemical maturation (Tao et al, 2014). During physical
maturation, the hydrogen bonding among flavor compounds
of Huangjiu and the volatilization of heterogeneous volatile
compounds may contribute to the final flavor characteristic
of Huangjiu (Cao et al, 2018; Wang et al,, 2019). As for
chemical maturation aging, a variety of chemical reactions, such
as oxidation, esterification, and hydrolysis reactions, may affect
the composition of flavor compounds, and thus are responsible
for the flavor quality of Huangjiu. Generally, spiciness, roughness,
and bitterness, which are associated with the “unpleasant” flavor
characteristics, are prominent in fresh wine due to its excessive
ethanol content (Jones P. R. et al., 2008). After aging, the
increased acidity promoted proton exchange between water and
ethanol and thus strengthened the hydrogen-bonding structure
in alcoholic beverages (Nose et al., 2004, 2005). This reduced

the freedom degree of ethanol molecules and produced a softer
tasting Huangjiu. Furthermore, alcohol, aldehydes and other
substances in wine may be oxidized to acid, which can then
react with alcohols to afford esters and thus enhance the
aroma of Huangjiu (Shen et al, 2011). Currently, there are
many other new techniques that have been proposed for aging,
such as microwave aging and biological aging (Roldan et al,,
2017; Zhong et al., 2020). Nevertheless, these techniques have
different effects on the aroma and taste of the resultant Huangjiu
(Zhang et al., 2005), which is also a major challenge for the
Huangjiu industry.

RELATIONSHIP BETWEEN MICROBIAL
COMMUNITY AND HUANGJIU FLAVOR

The composition of microbial communities in Huangjiu is
complicated. This is due to microorganisms derived from the
yeast starter and Qu, the open fermentation environment, and the
introduction of environmental microorganisms by the re-use of
rice soaking water, which increases the diversity and complexity
of the microbial communities in Huangjiu (Chen C. et al,
2020). Owing to the interaction of microorganisms in different
fermentation stages of Huangjiu, different types and contents of
flavor compounds are produced (Figure 2), which greatly affect
the flavor characteristic of Huangjiu. Generally, alcohols account
for more than 50% of the total flavor compounds content in
Huangjiu, with esters being the second most abundant flavor
compounds (Chen et al., 2018). Alcohols are mainly generated
by yeast metabolism, and although they usually have a low odor
activity value, their high concentration means they play a key
role in the process (Yang et al., 2018). Esters constitute one of
the most important classes of flavor compounds because they are
largely responsible for the desired fruity, candy, and perfume-
like aroma associated with Huangjiu (Hu et al., 2018). Esters
can form from alcohols and acids in the absence of enzymes
and microorganisms. However, this manner of ester formation
is apparently too slow to account for the large amounts of
ester normally found in alcoholic beverages. Thus, the enzymic
formation of esters by microorganism metabolism is the main
manner through which to accumulate esters for Huangjiu. As
most of the flavor compounds are produced by the common
metabolism of multiple microorganisms, the compositions of the
microbial community directly affect the metabolic function of
microorganisms and the production of flavor compounds during
Huangjiu brewing.

Metabolic Function of Dominant
Microorganisms During Huangjiu

Brewing

Microorganisms that have been detected in Huangjiu are listed
in Table 1, with yeast, molds, and bacteria being the main types
that have been identified during Huangjiu brewing. Chen and Xu
(2012) found that the dominant flavor compounds in Huangjiu,
including alcohols, some esters, and volatile acids, were mainly
produced by yeast fermentation. During Huangjiu brewing,
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TABLE 1 | Microorganisms detected in Huangjiu during brewing by HTS technology.

Microbes Genus level Sample origin References Identified methods
Bacterium Saccharopolyspora SXRW Xie et al., 2013 lllumina sequencing
Streptomyces SXRW Xie et al., 2013 lllumina sequencing
Mycobacterium SXRW Xie et al., 2013 lllumina sequencing
Arthrobacter SXRW Xie et al., 2013 lllumina sequencing
Actinosynnema SXRW Xie et al., 2013 lllumina sequencing
Amycolatopsis SXRW Xie et al., 2013 lllumina sequencing
Kocuria SXRW Xie et al., 2013 lllumina sequencing
Rhodococcus SXRW Xie et al., 2013 lllumina sequencing
Bacillus SXRW Lvetal., 2013; Xie et al., 2013 lllumina sequencing
Staphylococcus SXRW Xie et al., 2013 lllumina sequencing
Lactobacillus SXRW Lvetal., 2013; Xie et al., 2013 lllumina sequencing
Pantoea SXRW Lv etal., 2013; Xie et al., 2013 lllumina sequencing
Burkholderia WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Erwinia WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Klebsiella WYQRW and GTQRW Lvetal, 2013; Liet al., 2018 16S rRNA genes
Ochrobactrum WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Shewanella WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Agrobacterium WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Acinetobacter WYQRW and GTQRW Lietal, 2018 16S rRNA genes
Lactococcus WYQRW and GTQRW Lvetal, 2013; Liet al., 2018 16S rRNA genes
Brevibacillus WYQRW Huang et al., 2018 16S rRNA genes
Gluconacetobacter WYQRW Huang et al., 2018 16S rRNA genes
Pseudomonas WYQRW Lv et al., 2013; Huang et al., 2018 16S rRNA genes
Raoultella WYQRW Huang et al., 2018 16S rRNA genes
Serratia WYQRW Huang et al., 2018 16S rRNA genes
Sphingomonas WYQRW Huang et al., 2018 16S rRNA genes
Staphylococcus WYQRW Huang et al., 2018 16S rRNA genes
Thermus WYQRW Huang et al., 2018 16S rRNA genes
Weissella WYQRW Lvetal, 2013; Huang et al., 2018 16S rRNA genes
Enterobacter ZJRW Fang et al., 2015 lllumina sequencing
Acidovorax ZJRW Fang et al., 2015 lllumina sequencing
Propionibacterium ZJRW Fang et al., 2015 lllumina sequencing
Fungi Monascus purpureus WYQRW and GTQRW Lietal, 2018 ITS1 regions
Saccharomyces sp WYQRW and GTQRW Lietal., 2018 [TS1 regions
Aspergillus niger WYQRW and GTQRW Lietal, 2018 [TS1 regions
Eurotionmycetes sp WYQRW and GTQRW Lietal, 2018 [TS1 regions
Fusarium pseudensiforme WYQRW and GTQRW Lietal., 2018 [TS1 regions
Rhizopus microsporus WYQRW and GTQRW Lietal, 2018 [TS1 regions
Aspergillus sp WYQRW and GTQRW Jiaetal., 2018; Liet al., 2018 [TS1 regions
Agaricomycetes sp WYQRW and GTQRW Lietal., 2018; Rui et al., 2019 ITS1 regions
Cunninghamella WYQRW Huang et al., 2018 [TS1 regions
Cladosporium cladosporioides ZJRW Yuetal., 2012 lllumina sequencing
Alternaria alternata ZJRW Yuetal., 2012 lllumina sequencing
Penicillium sp ZJRW Yuetal.,, 2012 lllumina sequencing
Clavispora lusitaniae ZJRW Yuetal., 2012 lllumina sequencing
Issatchenkia orientalis ZJRW Yuetal., 2012 lllumina sequencing
Yeast Geotrichum WYQRW Huang et al., 2018 [TS1 regions
Debaryomyces WYQRW Huang et al., 2018 [TS1 regions
Issatchenkia WYQRW Huang et al., 2018 [TS1 regions
Meyerozyma WYQRW Huang et al., 2018 [TS1 regions
Rhodotorula WYQRW Huang et al., 2018 [TS1 regions
(Continued)
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TABLE 1 | Continued

Microbes Genus level Sample origin References Identified methods
Wickerhamomyces WYQRW Huang et al., 2018 ITS1 regions
Blastobotrys WYQRW Huang et al., 2018 ITS1 regions
Candida WYQRW Huang et al., 2018 [TS1 regions
Clavispora WYQRW Huang et al., 2018 [TS1 regions

SXRW, Shao Xing Huangjiu; WYQRW, Wuyi Hong Qu Huangjiu; GTQRW, Gutian Hong Qu Huangjiu, and ZJRW, Zhen Jiang Huangjiu.

S. cerevisiae is not the only yeast that can contribute to the flavor
of wine. Non-Saccharomyces yeasts also contribute positively to
the brewing process as they produce certain additional aromatic
compounds that improve the flavor and aroma of wine (Zot
et al, 2008; Jolly et al, 2014). A Saccharomyces-yeast used
for Huangjiu production should exhibit a strong fermentation
ability, reproduce rapidly, generate a high concentration of
alcohol with less foaming, and be strongly resist to bacterial
contamination. In recent years, AS.2.1392 (original 501, Shanghai
Jinfeng brewery), M85 (Wuxi brewery), and zmyl-6 (Zhejiang
Institute of Microbiology and Shaoxing brewery) have been
demonstrated to show excellent fermentation performances, and
have been popular in Huangjiu production. In terms of non-
Saccharomyces yeast, Debaryomyces, Issatchenkia, Meyerozyma,
Rhodotorula, Wickerhamomyces, Blastobotrys, Candida, and
Clavispora are the most commonly identified non-Saccharomyces
yeasts in Huangjiu (Table 1). When amino acids constitute
the major nitrogen source, non-Saccharomyces yeasts convert
tryptophan and L-phenylalanine into tyrosol, tryptizol, and 2-
phenylethyl alcohol via Ehrlich pathway metabolism (Hazelwood
et al., 2008; de Jests Rodriguez-Romero et al., 2020). These
alcohols not only affect the flavor and taste of wine, but
are also involved in the growth regulation of yeast (Avbelj
et al,, 2015). Aromatic alcohols could act as quorum-sensing
molecules, as they are recognized by other yeast cells when
secreted into the extracellular medium, which induces the
pseudo-filamentous growth of yeast (Chen and Fink, 2006).
Canonico et al. (2019) found that using non-Saccharomyces
yeast strains in sequential fermentation with S. cerevisiae could
produce a Chardonnay wine with reduced ethanol concentration
and acceptable chemical volatile profiles. Binati et al. (2020)
reported that the use of selected non-Saccharomyces strains in
conjunction with S. cerevisiae positively modulated some relevant
chemical parameters and improved the aromatic intensity of
Pinot Grigio grape wine. Although non-Saccharomyces yeasts
can provide a means for increasing aroma and flavor diversity
in fermented beverages, it is rarely selected and applicated in
rice wine brewing, let alone in Huangjiu. Screening novel non-
Saccharomyces isolates and evaluating their contribution to the
sensory characteristics of rice wine will help to differentiate
the final products.

Molds produce many enzymes involved in cellular metabolism
and the resultant small molecules contribute to the formation
of esters (Cai et al.,, 2018). The molds in Huangjiu are mainly
derived from Qu, and the dominance of different molds in
different samples of Qu results in the unique local flavor
of Huangjiu (Mo et al., 2009). Researchers have screened

functional saccharification and fermentation mold strains from
Qu in different regions of China and found that Rhizopus
and Aspergillus play crucial roles. Rhizopus produces a variety
of enzymes, such as high-activity amylase and saccharification
enzymes, which play an important role in the saccharification
process of Huangjiu (Liicke et al., 2019). At the same time, some
Rhizopus spp. can process alcohols under certain conditions and
thus produce flavor compounds, such as 2-phenethyl alcohol, and
the esters ethyl caproate, and ethyl lactate (Londofio-Hernandez
et al, 2017). Aspergillus can produce acidic proteases and
carboxypeptidases during Huangjiu brewing. These proteases
hydrolyze the proteins in rice into nitrogen sources, such as
peptides and amino acids, that can be easily used by yeast (Chen
T. etal., 2020). They can be used as nutrients for yeast growth or
as precursors for the synthesis of flavor compounds (Chang et al.,
2015). Generally, Aspergillus is the most abundant filamentous
fungus and is present in various fermentation stages of Wheat
Qu Huangjiu (Rui et al., 2019). Ji et al. (2018) reported that
filamentous molds showed significant differences in Huangjiu
fermented with different Wheat Qu. Fungal community structure
and diversity are affected by organic acids, suggesting that the
metabolites of filamentous molds may contribute significantly
to the formation of major flavor compounds in Huangjiu.
Furthermore, Huangjiu fermentation often increases the contents
of ethanol and organic acid due to the lack of sufficient oxygen,
which may ultimately lead to the death of bacteria or the loss of
the metabolic activity of Aspergillus.

Compared with yeast and mold, few studies about the function
of bacteria in Huangjiu have been reported. However, the number
of different types of bacteria in the microbial community of
Huangjiu far exceed the number of types of yeast and mold.
Both the traditional PCR-DGGE method and high-throughput
sequencing (HTS) analysis have shown that Bacillus sp. and LAB
are the main bacterial genera present during Huangjiu brewing
(Lv et al., 2013; Cai et al., 2018; Huang et al., 2018). A significant
change in the bacterial community occurs during brewing,
especially in the abundance of Bacillus and Lactobacillus species.
Bacillus secrete various hydrolases, which may generate nitrogen-
containing flavor compounds, such as pyrazines (Bednarek
et al., 2019). Bacillus spp. survive as spores in unfavorable
environments, which helps these organisms to produce flavor
compounds under high ethanol conditions during the secondary
fermentation of Huangjiu. LAB produce various antibacterial
substances that inhibit pathogens and toxin-producing spoilage
organisms (Castellano et al., 2008; Jones R. J. et al., 2008). Organic
acids produced by LAB provide precursor substances for the
generation of flavor compounds. Wang et al. (2014) reported that
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the presence of LAB was positively related to the presence of
organic acids during Huangjiu brewing.

Dynamics of Microbial Community

During Huangjiu Brewing

The brewing process of Huangjiu is comprised of two stages:
primary fermentation at 28°C for 5 days and secondary
fermentation at 15°C for 10-20 days under an open environment.
The microbial community interacts with the open fermentation
environment, and thus changes constantly during Huangjiu
brewing. Both fungal and bacterial communities varied
significantly in different fermentation periods of Huangjiu
(Huang et al., 2018). Numerous studies on the microbial
communities of Wheat Qu Huangjiu and Hong Qu Huangjiu
have been reported, as well as on Qu and other traditional starters
(Wang et al,, 2014; Hong et al., 2016; Huang et al., 2018; Ji et al.,
2018; Shuang et al., 2019; Chen C. et al., 2020).

At the initial fermentation, owing to the sufficiency of
nutrients and a favorable environment, fungal microorganisms
grow rapidly to generate a complex fungal community (Yasuda
et al., 2012). With the release of some compounds that are
harmful to the growth of microorganisms and the consumption
of nutrients, the diversity of the fungal community gradually
decreases (Kobayashi et al,, 2014). During the final stage of
fermentation, the populations of some fungal microorganisms
increase, which is largely ascribable to the utilization of residual
nutrients released during the autolysis of dead cells. Although the
diversity of fungal communities changes during the fermentation
period, the changes in the dominant genera and their relative
abundance are not significant. Saccharomyces, Saccharomycopsis,
Rhizopus, Monascus, Pichia, Wickerhamomyces, Candida, and
Aspergillus have been found to be the predominant genera during
the traditional fermentation process of Hong Qu Huangjiu, while
Aspergillus, Thermomyces, and Rhizopus play a dominant role in
the brewing of Wheat Qu Huangjiu (Huang et al., 2018; Liu et al.,
2019). Ji et al. (2018) found that Aspergillus species were more
abundant in Wheat Qu than in various fermentation mashes,
and that their abundance continually decreased until the end of
Wheat Qu Huangjiu fermentation. Normally, the major flavor
compounds in Huangjiu are generated by the metabolism of
fungal microorganisms (Chen and Xu, 2012; Xie et al., 2012).
Mu et al. (2016) found that the production of ethanol and higher
alcohols was due to the metabolism of yeast. Furthermore, higher
alcohols and organic acids reacted to form esters, and alcohols
were oxidized to aldehydes, resulting in an increase of ester and
aldehyde contents. During secondary fermentation, the ethanol-
producing ability of yeast is reduced by the presence of high
concentrations of ethanol and low pH, so that the production of
alcohols, esters, and aldehydes is also decreased.

The bacterial communities in Huangjiu has previously been
overlooked, however, these organisms not only affect the
fermentation efficiency, but also play a decisive role in the
flavor quality of Huangjiu. The diversity of bacterial community
increases at the initial fermentation and then gradually becomes
stable, and the changing environmental conditions may be
responsible (Wang et al, 2014). The presence of sufficient

nutrients and oxygen and a low content of ethanol are all
conducive to the growth of microorganisms during primary
fermentation. Conversely, the low temperature and high content
of ethanol during secondary fermentation inhibits the growth
of microorganisms. The diversity of the bacterial community is
much greater than that of the fungal community during Huangjiu
brewing (Huang et al., 2018; Chen C. et al., 2020). In the early
stages of this research area, studies on the fermented mash of
Shaoxing Huangjiu were conducted based on traditional isolation
methods, but researchers obtained different results. Zhang et al.
(2013) found that Lactobacillus brevis occurred during the
entire brewing process of Huangjiu, while Hu et al. (2009)
identified that Bacillus subtilis appeared throughout the whole
fermentation process. The limitations of traditional isolation
methods mean that they cannot fully reflect the composition of
bacterial communities in Huangjiu brewing. Using PCR-DGGE
and HTS technologies, researchers confirmed that a number of
uncultured bacteria exist in the fermentation broth of Huangjiu,
and also delineated their functional metabolism characteristics
(Lv et al., 2013; Huang et al, 2019; Shuang et al, 2019).
At the genus level, Bacillus, Saccharopolyspora, Staphylococcus,
Lactobacillus, Leuconostoc, Lactococcus, Weissella, Pseudomonas,
Thermoactinomyces, and Enterobacteria were the most abundant
bacteria in Shaoxing Huangjiu and Shanghai Huangjiu (both
were Wheat Qu Huangjiu, but used different types of Qu; Ji
et al., 2018). As for Hong Qu Huangjiu, Huang et al. (2018)
reported that Lactobacillus, Bacillus, Leuconostoc, Lactococcus,
Raoultella, Staphylococcus, Pediococcus, and Weissella were the
predominant genera. Although there are many different types
of Qu, LAB play a crucial role in flavor generation of all
Huangjiu. The bacterial community is dominated by the genus
of Bacillus, Staphylococcus, and Thermoactinomyces during the
primary fermentation of Huangjiu, but these are replaced by LAB
during secondary fermentation, due to the facultative anaerobic
and acid-tolerant features of most LAB (Hong et al, 2016;
Shuang et al, 2019; Chen C. et al,, 2020). The organic acids
produced by LAB increase the acidity and lower the pH value,
which inhibits the excessive growth of miscellaneous bacteria
to prevent the rancidity of Huangjiu. The autolysis of bacteria
also produces peptides, a small amount of amino acids, and
other ingredients, which contribute to the aroma and taste of
Huangjiu. Based on metagenomics and multivariate statistical
analysis, Chen C. et al. (2020) found that Pediococcus and
Weissella showed a strong correlation with the acid-producing
ability of microbial communities in Shaoxing rice wine. Huang
etal. (2018) found that the generation of fruit-flavored esters were
strongly associated with L. brevis and L. alimentarius, as well as
Bacillus and Lactobacillus, which contributed substantially to the
formation of fatty acid ethyl esters.

SUMMARY AND PERSPECTIVES

Huangjiu is a national drink in China, and is thus the
most promising wine for exportation. However, the consumer
acceptance and market share of Huangjiu are significantly
lower than that of Baijiu and beer due to its limited flavor
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diversity and individuation. As the fermentation of Huangjiu
involves multiple microorganisms under an open environment,
manipulation of the fermentation process become difficult. Thus,
understanding the nature of the microbial communities involved
in different fermentation processes is of great significance
to improve the flavor quality and economic competitiveness
of Huangjiu products. In recent decades, the raw materials,
brewing process, and microbial communities of Huangjiu
have been comprehensively investigated. The characteristic
flavor compounds, the predominant micro-organisms, and their
metabolic functions during Huangjiu brewing are now clearer
than before. Moreover, many functional strains have been
isolated and microbes that were considered uncultivable in the
past have now been isolated and cultured.

The contribution of microorganisms to flavor compound
mixtures are studied mainly by HTS and multivariate statistics
analysis. However, the relationship between microorganisms and
flavor compounds based on correlation analysis cannot reveal
the function of specific microbes in the fermentation process of
Huangjiu. Furthermore, the interaction between microorganisms
during Huangjiu brewing also remains to be elucidated. In
future, with the further development of HTS technology
and the combined application of multi-omics technologies
(metagenomics, proteomics, flavoromics, and metabolomics),
the aroma-producing microorganisms of microbial communities
during Huangjiu brewing may be identified and applicated
in the production of high-quality, flavorful Huangjiu. In
addition, the investigation of interactions between aroma-
generating microorganisms and their adaption to changes in

REFERENCES

Adeniran, O., Atanda, O., Edema, M., and Oyewole, O. (2012). Effect of lactic acid
bacteria and yeast starter cultures on the soaking time and quality of “ofada”
rice. Food Nutr. Sci. 3,207-211. doi: 10.4236/fns.2012.32030

Ahmed, J., Al-Jassar, S., and Thomas, L. (2015). A comparison in rheological,
thermal, and structural properties between indian basmati and egyptian giza
rice flour dispersions as influenced by particle size. Food Hydrocol. 48, 72-83.
doi: 10.1016/j.foodhyd.2015.02.012

Akita, O., Ida, T., Obata, T., and Hara, S. (1990). Mutants of Saccharomyces
cerevisiae producing a large quantity of B-phenethyl alcohol and B-phenethyl
acetate. J. Ferment. Bioeng. 69, 125-128. doi: 10.1016/0922-338X(90)90200-G

Area, M. R, Rico, M., Montero, B., Barral, L., Bouza, R., Lopez, J., et al. (2019). Corn
starch plasticized with isosorbide and filled with microcrystalline cellulose:
Processing and characterization. Carbohydr. Polym. 206, 726-733. doi: 10.1016/
j.carbpol.2018.11.055

Arikawa, Y., Yamada, M., Shimosaka, M., Okazaki, M., and Fukuzawa, M. (2000).
Isolation of sake yeast mutants producing a high level of ethyl caproate and/or
isoamyl acetate. J. Biosci. Bioeng. 90, 675-677. doi: 10.1016/S1389-1723(00)
90016-1

Arroyo-Lopez, F. N., Orlic, S., Querol, A., and Barrio, E. (2009). Effects of
temperature, pH and sugar concentration on the growth parameters of
Saccharomyces cerevisiae. S. kudriavzevii and their interspecific hybrid. Int. J.
Food Microbiol. 131, 120-127. doi: 10.1016/j.ijfoodmicro.2009.01.035

Asano, T., Inoue, T., Kurose, N., Hiraoka, N., and Kawakita, S. (1999).
Improvement of isoamyl acetate productivity in sake yeast by isolating mutants
resistant to econazole. J. Biosci. Bioeng. 87, 697-699. doi: 10.1016/S1389-
1723(99)80137-6

Avalos, J. L., Fink, G. R., and Stephanopoulos, G. (2013). Compartmentalization
of metabolic pathways in yeast mitochondria improves the production of
branched-chain alcohols. Nat. Biotechnol. 31, 335-341. doi: 10.1038/nbt.2509

the fermentation environment will provide a more theoretical
basis for manipulating the fermentation process, such as by
using selected microorganisms to improve the overall flavor
quality of Huangjiu.

AUTHOR CONTRIBUTIONS

YY: investigation, software, visualization, and writing - original
draft. WH: resources, methodology, and visualization. YX:
conceptualization, project administration, and writing - review
and editing. ZM: resources, visualization, and writing — review
and editing. LT: visualization and investigation. XS: writing -
review and editing and visualization. HZ: writing - review and
editing. BN: writing — review and editing. LA: supervision,
writing - original draft, and writing - review and editing.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was financially supported by the Shanghai Agriculture
Applied Technology Development Program (2019-02-08-00-
07-F01152), the Key Project of Special Development Fund
in National Self-innovative Pilot Area (201705-PD-LJZ-B2074-
007), the Shanghai Engineering Research Center of food
microbiology program (19DZ2281100), and the Technical
Standard Project of Huangjiu in 2018 (18DZ2200200).

Avbelj, M., Zupan, J., Kranjc, L., and Raspor, P. (2015). Quorum-sensing kinetics
in Saccharomyces cerevisiae: a symphony of ARO genes and aromatic alcohols.
J. Agric. Food Chem. 63, 8544-8550. doi: 10.1021/acs.jafc.5b03400

Bechman, A., Phillips, R. D., and Chen, J. (2012). Changes in selected physical
property and enzyme activity of rice and barley koji during fermentation and
storage. J. Food Sci. 77, 318-322. doi: 10.1111/j.1750-3841.2012.02691.x

Bednarek, M., Szwengiel, A., Florez, A. B., Czarnecki, Z., and Mzyo, B. (2019).
Effect of different starter cultures on chemical and microbial parameters of
buckwheat honey fermentation. Food Microbiol. 82, 294-302. doi: 10.1111/j.
1750-3841.2012.02691.x

Binati, R. L., Junior, W. J. L., Luzzini, G., Slaghenaufi, D., Ugliano, M., and Torriani,
S. (2020). Contribution of non-Saccharomyces yeasts to wine volatile and
sensory diversity: a study on Lachancea thermotolerans. Int. J. Food Microbiol.
318:108470. doi: 10.1016/j.ijfoodmicro.2019.108470

Cai, H., Zhang, T., Zhang, Q., Luo, J., Cai, C., and Mao, J. (2018). Microbial
diversity and chemical analysis of the starters used in traditional chinese
sweet rice wine. Food Microbiol. 73, 319-326. doi: 10.1016/j.fm.2018.
02.002

Canonico, L., Solomon, M., Comitini, F., Ciani, M., and Varela, C. (2019). Volatile
profile of reduced alcohol wines fermented with selected non-Saccharomyces
yeasts under different aeration conditions. Food Microbiol. 84:103247. doi: 10.
1016/j.fm.2019.103247

Cao, J., Liu, K,, Zhang, A., Yan, W., Zheng, Y., and Zeng, Q. (2018). 'H-NMR and
viscosity studies of hydrogen bonding of chinese rice wine. CyTA-J. Food 16,
776-785. doi: 10.1080/19476337.2018.1473497

Cao, Y., Xie, G. F, Wu, C,, and Lu, J. (2010). A study on characteristic
flavor compounds in traditional chinese rice wine-guyue longshan
rice wine. J. Inst. Brew. 116, 182-189. doi: 10.1002/j.2050-0416.2010.tb
00416.x

Castellano, P., Belfiore, C., Fadda, S., and Vignolo, G. (2008). A review of
bacteriocinogenic lactic acid bacteria used as bioprotective cultures in fresh

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 580247


https://doi.org/10.4236/fns.2012.32030
https://doi.org/10.1016/j.foodhyd.2015.02.012
https://doi.org/10.1016/0922-338X(90)90200-G
https://doi.org/10.1016/j.carbpol.2018.11.055
https://doi.org/10.1016/j.carbpol.2018.11.055
https://doi.org/10.1016/S1389-1723(00)90016-1
https://doi.org/10.1016/S1389-1723(00)90016-1
https://doi.org/10.1016/j.ijfoodmicro.2009.01.035
https://doi.org/10.1016/S1389-1723(99)80137-6
https://doi.org/10.1016/S1389-1723(99)80137-6
https://doi.org/10.1038/nbt.2509
https://doi.org/10.1021/acs.jafc.5b03400
https://doi.org/10.1111/j.1750-3841.2012.02691.x
https://doi.org/10.1111/j.1750-3841.2012.02691.x
https://doi.org/10.1111/j.1750-3841.2012.02691.x
https://doi.org/10.1016/j.ijfoodmicro.2019.108470
https://doi.org/10.1016/j.fm.2018.02.002
https://doi.org/10.1016/j.fm.2018.02.002
https://doi.org/10.1016/j.fm.2019.103247
https://doi.org/10.1016/j.fm.2019.103247
https://doi.org/10.1080/19476337.2018.1473497
https://doi.org/10.1002/j.2050-0416.2010.tb00416.x
https://doi.org/10.1002/j.2050-0416.2010.tb00416.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

Relationship Between Microorganisms and Flavor

meat produced in Argentina. Meat Sci. 79, 483-499. doi: 10.1016/j.meatsci.2007.
10.009

Chang, A. C. (2003). The effects of gamma irradiation on rice wine maturation.
Food Chem. 83, 323-327. doi: 10.1016/S0308-8146(03)00050-5

Chang, P., Scharfenstein, L. L., Solorzano, C. D., Abbas, H. K., Hua, S. S. T,
Jones, W. A,, et al. (2015). High sequence variations in the region containing
genes encoding a cellular morphogenesis protein and the repressor of sexual
development help to reveal origins of aspergillus oryzae. Int. ]. Food Microbiol.
200, 66-71. doi: 10.1016/j.ijfoodmicro.2015.01.021

Chen, C,, Liu, Y., Tian, H,, Ai, L., and Yu, H. (2020). Metagenomic analysis
reveals the impact of JIUYAO microbial diversity on fermentation and the
volatile profile of Shaoxing-jiu. Food Microbiol. 86:103326. doi: 10.1016/j.fm.
2019.103326

Chen, T., Wu, F., Guo, J., Ye, M., Hu, H., Guo, J., et al. (2020). Effects of glutinous
rice protein components on the volatile substances and sensory properties of
chinese rice wine. J. Sci. Food Agric. 100, 3297-3307. doi: 10.1002/jsfa.10343

Chen, H., and Fink, G. R. (2006). Feedback control of morphogenesis in fungi by
aromatic alcohols. Genes Dev. 20, 1150-1161. doi: 10.1101/gad.1411806

Chen, S., Luo, T., Xu, Y., Fan, W., and Zhao, G. (2009). Effects of yeast strains
and raw materials on B-pheonylethanol production in chinese rice wines. China
Brew. 28, 23-26.

Chen, S., Wang, C,, Qian, M., Li, Z., and Xu, Y. (2019). Characterization of
the key aroma compounds in aged chinese rice wine by comparative aroma
extract dilution analysis, quantitative measurements, aroma recombination,
and omission studies. J. Agric Food Chem. 67, 4876-4884. doi: 10.1021/acs.jafc.
9b01420

Chen, S., and Xu, Y. (2012). The influence of yeast strains on the volatile flavour
compounds of chinese rice wine. J. Inst. Brew. 116, 190-196. doi: 10.1002/j.
2050-0416.2010.tb00417.x

Chen, S., and Xu, Y. (2013). Effect of ‘wheat Qu’ on the fermentation processes and
volatile flavour-active compounds of chinese rice wine (Huangjiu). J. Inst. Brew.
119, 71-77. doi: 10.1002/jib.59

Chen, S., Xu, Y., and Qian, M. C. (2018). Comparison of the aromatic profile
of traditional and modern types of Huang Jiu (chinese rice wine) by aroma
extract dilution analysis and chemical analysis. Flavour Frag. J. 33, 263-271.
doi: 10.1002/11j.3440

Cordente, A. G., Solomon, M., Schulkin, A., Francis, I. L., Barker, A., Borneman,
A. R, et al. (2018). Novel wine yeast with ARO4 and TYR1 mutations that
overproduce ‘floral’ aroma compounds 2-phenylethanol and 2-phenylethyl
acetate. Appl. Microbiol. Biotechnol. 102, 5977-5988. doi: 10.1007/500253-018-
9054-x

de Jesus Rodriguez-Romero, J., Aceves-Lara, C. A., Silva, C. F., Gschaedler,
A., Amaya-Delgado, L., and Arrizon, J. (2020). 2-Phenylethanol and 2-
phenylethylacetate production by nonconventional yeasts using tequila vinasses
as a substrate. Biotechnol. Rep. 25:¢00420. doi: 10.1016/j.btre.2020.e00420

De Lima, L. A, Diniz, R. H. S., De Queiroz, M. V., Fietto, L. G., and Da Silveira,
W. B. (2018). Screening of yeasts isolated from brazilian environments for
the 2-phenylethanol (2-PE) production. Biotechnol. Bioproc. Eng. 23, 326-332.
doi: 10.1007/s12257-018-0119-6

del Rio, B., Redruello, B., Fernandez, M., Martin, M. C., Ladero, V., and Alvarez,
M. A. (2020). The biogenic amine tryptamine, unlike B-phenylethyamine,
shows in vitro cytotoxicity at concentrations that have been found in foods.
Food Chem. 331:127303. doi: 10.1016/j.foodchem.2020.127303

Ding, S., Zhang, Y., Zhang, J., Zeng, W., Yang, Y., Guan, J., et al. (2015). Enhanced
deacidification activity in Schizosaccharomyces pombe by genome shuffling.
Yeast 32, 317-325.

Dong, J., Hong, K. Q., Zhang, C. Y., Dong, S. S., Li, X., Chen, Y. F,, et al. (2019).
Increased acetate ester production of polyploid industrial brewer’s yeast strains
via precise and seamless “self-cloning” integration strategy. Iran. J. Biotechnol.
17:€1990. doi: 10.21859/ijb.1990

Duenas-Sanchez, R., Pérez, A. G., Codén, A. C., Benitez, T., and Rincon, A. M.
(2014). Overproduction of 2-phenylethanol by industrial yeasts to improve
organoleptic properties of bakers’ products. Int. J. Food Microbiol. 180, 7-12.
doi: 10.1016/j.ijfoodmicro.2014.03.029

Escribano-Viana, R., Gonzélez-Arenzana, L., Portu, J., Garijo, P., Lépez-Alfaro,
I, Lopez, R., et al. (2018). Wine aroma evolution throughout alcoholic
fermentation sequentially inoculated with non-Saccharomyces/Saccharomyces
yeasts. Food Res. Int. 112, 17-24. doi: 10.1016/j.foodres.2018.06.018

Fan, W., and Xu, Y. (2012). Characteristic aroma compounds of chinese dry
rice wine by gas chromatography-olfactometry and gas chromatography-mass
spectrometry. ACS Symposium Ser. 1104, 277-301.

Fang, R. S., Dong, Y. C., Chen, F., and Chen, Q. H. (2015). Bacterial diversity
analysis during the fermentation processing of traditional Chinese yellow rice
wine revealed by 16S rDNA 454 pyrosequencing. J. Food Sci. 80, M2265-M2271.
doi: 10.1111/1750-3841.13018

Fleet, G. H. (2003). Yeast interactions and wine flavor. Int. J. Food Microbiol. 86,
11-22. doi: 10.1016/S0168-1605(03)00245-9

Gong, M., Zhou, Z,, Jin, ], Yu, Y., Liu, S., Han, X,, et al. (2020). Effects of soaking
on physicochemical properties of four kinds of rice used in Huangjiu brewing.
J. Cereal Sci. 91:102855. doi: 10.1016/j.jcs.2019.102855

Gong, Y. P., Zhou, J. D,, Qian, B, Ren, J.,, and Jiang, Y. J. (2013). Study on the
influence of different brewing processes on physical and chemical indicators
and higher alcohol content of yellow wine. China Brew. 32, 37-43.

Hazelwood, L. H., Daran, J. M. G., Van Maja, and Dickinson, J. R. (2008).
The ehrlich pathway for fusel alcohol production: a century of research on
Saccharomyces cerevisiae metabolism. Appl. Environ. Microbiol. 74, 2259-2266.
doi: 10.1128/AEM.02625-07

Hong, X. T., Chen, J,, Liu, L, Wu, H, Tao, H. O., Xie, G. F, et al
(2016). Metagenomic sequencing reveals the relationship between microbiota
composition and quality of chinese rice wine. Sci. Rep. 6, 26621-26633. doi:
10.1038/srep26621

Hu, K, Jin, G.]., Mei, W. C,, Li, T, and Tao, Y. S. (2018). Increase of medium-chain
fatty acid ethyl ester content in mixed H. uvarum/S. cerevisiae fermentation
leads to wine fruity aroma enhancement. Food Chem. 239, 495-501. doi: 10.
1016/j.foodchem.2017.06.151

Hu, Z. M, Xie, G. F., Wu, C,, Cao, Y., and Lu, J. (2009). Research on prokaryotic
microbes in mash during yellow rice wine big pot fermentation. Liquor Making
Sci. Technol. 8, 58-61.

Huang, Z., Zeng, Y., Liu, W., Wang, S., Shen, C., and Shi, B. (2020). Effects of metals
released in strong-flavor baijiu on the evolution of aroma compounds during
storage. Food Sci. Nutr. 8, 1904-1913. doi: 10.1002/fsn3.1475

Huang, Z. R,, Guo, W. L., Zhou, W. B,, Li, L, Xu, J. X,, Hong, J. L, et al.
(2019). Microbial communities and volatile metabolites in different traditional
fermentation starters used for Hong Qu glutinous rice wine. Food Res. Int. 121,
593-603. doi: 10.1016/j.foodres.2018.12.024

Huang, Z. R, Hong, J. L, Xu, J. X,, Li, L., Guo, W. L, Pan, Y. Y., et al.
(2018). Exploring core functional microbiota responsible for the production
of volatile flavour during the traditional brewing of Wuyi Hong Qu
glutinous rice wine. Food Microbiol. 76, 487-496. doi: 10.1016/j.fm.2018.
07.014

Ji, Z. W., Huang, G. D., Mao, J., and Fu, W. J. (2013). Effect of rice immersion time
ton he quality of rice wine. Food Equip. 29, 49-52.

Ji, Z. W, Jin, J. S, Yu, G. S., Mou, R., Mao, |, Liu, S. P., et al. (2018). Characteristic
of filamentous fungal diversity and dynamics associated with wheat Qu and
the traditional fermentation of chinese rice wine. Int. J. Food Sci. Technol. 53,
1611-1621. doi: 10.1111/ijfs.13743

Jia, L. X,, Hui, J. W., Zhi, W. W,, Fu, P. Z, Xin, L., Zheng, P. L,, et al. (2018).
Microbial dynamics and metabolite changes in chinese rice wine fermentation
from sorghum with different tannin content. Sci. Rep. 8, 39-46. doi: 10.1038/
541598-018-23013-1

Jolly, N. P, Varela, C., and Pretorius, I S.
ordinary yeast: non- Saccharomyces yeasts in
uncovered. FEMS Yeast Res. 14, 215-237. doi:
12111

Jones, P. R., Gawel, R., Francis, I. L., Francis, I. L., and Waters, E. J. (2008). The
influence of interactions between major white wine components on the aroma,
flavour and texture of model white wine. Food Qual. Preference 19, 596-607.
doi: 10.1016/j.foodqual.2008.03.005

Jones, R. J., Hussein, H. M., Zagorec, M., Brightwell, G., and Tagg, J. R. (2008).
Isolation of lactic acid bacteria with inhibitory activity against pathogens and
spoilage organisms associated with fresh meat. Food Microbiol. 25, 228-234.
doi: 10.1016/j.fm.2007.11.001

Kobayashi, K., Hattori, T., Honda, Y., and Kirimura, K. (2014). Oxalic acid
production by citric acid-producing Aspergillus niger overexpressing the
oxaloacetate hydrolase gene oahA. J. Ind. Microbiol. Biotechnol. 41, 749-756.
doi: 10.1007/s10295-014-1419-2

(2014). Not your
wine  production
10.1111/1567-1364.

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 580247


https://doi.org/10.1016/j.meatsci.2007.10.009
https://doi.org/10.1016/j.meatsci.2007.10.009
https://doi.org/10.1016/S0308-8146(03)00050-5
https://doi.org/10.1016/j.ijfoodmicro.2015.01.021
https://doi.org/10.1016/j.fm.2019.103326
https://doi.org/10.1016/j.fm.2019.103326
https://doi.org/10.1002/jsfa.10343
https://doi.org/10.1101/gad.1411806
https://doi.org/10.1021/acs.jafc.9b01420
https://doi.org/10.1021/acs.jafc.9b01420
https://doi.org/10.1002/j.2050-0416.2010.tb00417.x
https://doi.org/10.1002/j.2050-0416.2010.tb00417.x
https://doi.org/10.1002/jib.59
https://doi.org/10.1002/ffj.3440
https://doi.org/10.1007/s00253-018-9054-x
https://doi.org/10.1007/s00253-018-9054-x
https://doi.org/10.1016/j.btre.2020.e00420
https://doi.org/10.1007/s12257-018-0119-6
https://doi.org/10.1016/j.foodchem.2020.127303
https://doi.org/10.21859/ijb.1990
https://doi.org/10.1016/j.ijfoodmicro.2014.03.029
https://doi.org/10.1016/j.foodres.2018.06.018
https://doi.org/10.1111/1750-3841.13018
https://doi.org/10.1016/S0168-1605(03)00245-9
https://doi.org/10.1016/j.jcs.2019.102855
https://doi.org/10.1128/AEM.02625-07
https://doi.org/10.1038/srep26621
https://doi.org/10.1038/srep26621
https://doi.org/10.1016/j.foodchem.2017.06.151
https://doi.org/10.1016/j.foodchem.2017.06.151
https://doi.org/10.1002/fsn3.1475
https://doi.org/10.1016/j.foodres.2018.12.024
https://doi.org/10.1016/j.fm.2018.07.014
https://doi.org/10.1016/j.fm.2018.07.014
https://doi.org/10.1111/ijfs.13743
https://doi.org/10.1038/s41598-018-23013-1
https://doi.org/10.1038/s41598-018-23013-1
https://doi.org/10.1111/1567-1364.12111
https://doi.org/10.1111/1567-1364.12111
https://doi.org/10.1016/j.foodqual.2008.03.005
https://doi.org/10.1016/j.fm.2007.11.001
https://doi.org/10.1007/s10295-014-1419-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

Relationship Between Microorganisms and Flavor

Krogerus, K., Magalhaes, F., Vidgren, V., and Gibson, B. (2017). Novel brewing
yeast hybrids: creation and application. Appl. Microbiol. Biotechnol. 101, 65-78.
doi: 10.1007/s00253-016-8007-5

Li, H,, Jiao, A., Xu, X., Wu, C,, et al. (2013). Simultaneous saccharification and
fermentation of broken rice: an enzymatic extrusion liquefaction pretreatment
for Chinese rice wine production. Bioproc. Biosyst. Eng. 36, 1141-1148. doi:
10.1007/500449-012-0868-0

Li, H., Wei, B., Wu, C,, Zhang, B., Xu, X,, Jin, Z,, et al. (2014). Modelling and
optimisation of enzymatic extrusion pretreatment of broken rice for rice wine
manufacture. Food Chem. 150, 94-98. doi: 10.1016/j.foodchem.2013.10.146

Li, X., Wang, P., Wu, D., and Lu, J. (2014). Effects of sterilization temperature on
the concentration of ethyl carbamate and other quality traits in chinese rice
wine. J. Inst. Brew. 120, 512-515. doi: 10.1002/jib.169

Li, Z. Y., Feng, C. X,, and Luo, X. G. (2018). Revealing the influence of
microbiota on the quality of pu-er tea during fermentation process by shotgun
metagenomic and metabolomic analysis. Food Microbiol. 76, 405-415. doi: 10.
1016/j.fm.2018.07.001

Liu, S. P, Chen, Q. L., Zou, H. J., Yu, Y. J., Zhou, Z. L., Mao, J., et al. (2019). A
metagenomic analysis of the relationship between microorganisms and flavor
development in Shaoxing mechanized Huangjiu fermentation mashes. Int. J.
Food Microbiol. 303, 9-18. doi: 10.1016/j.ijffoodmicro.2019.05.001

Londono-Hernandez, L., Ramirez-Toro, C., Ruiz, H. A., Ascacio-Valdés, J. A.,
Aguilar-Gonzalez, M. A., Rodriguez-Herrera, R., et al. (2017). Rhizopus oryzae-
Ancient microbial resource with importance in modern food industry. Int. J.
Food Microbiol. 257, 110-127. doi: 10.1016/j.ijfoodmicro.2017.06.012

Longo, R., Carew, A., Sawyer, S., Kemp, B., and Kerslake, F. (2020). A review
on the aroma composition of Vitis vinifera L. Pinot noir wines: origins and
influencing factors. Crit. Rev. Food Sci. Nutr. 2020, 1-16. doi: 10.1080/10408398.
2020.1762535

Liicke, F. K., Fritz, V., Tannhduser, K, and Arya, A. (2019). Controlled
fermentation of rapeseed presscake by Rhizopus, and its effect on some
components with relevance to human nutrition. Food Res. Int. 120, 726-732.
doi: 10.1016/j.foodres.2018.11.031

Luo, T., Fan, W., and Xu, Y. (2008). Characterization of volatile and semi-volatile
compounds in chinese rice wines by headspace solid phase microextraction
followed by gas chromatography-mass spectrometry. J. Inst. Brew. 114, 172-
179. doi: 10.1002/j.2050-0416.2008.tb00323.x

Lv, R., Chantapakul, T., Zou, M., Li, M., Zhou, J., Ding, T, et al. (2018). Thermal
inactivation kinetics of Bacillus cereus in chinese rice wine and in simulated
media based on wine components. Food Control 89, 308-313. doi: 10.1016/j.
foodcont.2018.01.029

Lv, X. C, Huang, R. L., Chen, F., Zhang, W., Rao, P. F,, and Ni, L. (2013).
Bacterial community dynamics during the traditional brewing of Wuyi
Hong Qu glutinous rice wine as determined by culture-independent
methods. Food Control 34, 300-306. doi: 10.1016/j.foodcont.2013.
05.003

Martinez-Avila, O., Sdnchez, A., Font, X., and Barrena, R. (2018). Bioprocesses
for 2-phenylethanol and 2-phenylethyl acetate production: current state and
perspectives. Appl. Microbiol. Biotechnol. 102, 9991-10004. doi: 10.1007/
500253-018-9384-8

Mo, X., Fan, W., and Xu, Y. (2009). Changes in volatile compounds of chinese rice
wine wheat Qu during fermentation and storage. J. Inst. Brew. 115, 300-307.
doi: 10.1002/§.2050-0416.2009.tb00385.x

Mu, R, Mao, J., Meng, X. Y., and Liu, Y. Y. (2016). Analysis of fungi diversity and
volatile flavor compounds in chinese rice wine fermentation process. J. Food Sci.
Biotechnol. 35, 303-309.

Nose, A., Hojo, M., Suzuki, M., and Ueda, T. (2004). Solute effects on the
interaction between water and ethanol in aged whiskey. J. Agric. Food Chem.
52, 5359-5365. doi: 10.1021/jf0400516

Nose, A., Myojin, M., Hojo, M., Ueda, T., and Okuda, T. (2005). Proton nuclear
magnetic resonance and raman spectroscopic studies of japanese sake, an
alcoholic beverage. J. Biosci. Bioeng. 99, 493-501. doi: 10.1263/jbb.99.493

Oguro, Y., Nishiwaki, T., Shinada, R., Kobayashi, K., and Kurahashi, A. (2017).
Metabolite profile of koji amazake and its lactic acid fermentation product by
Lactobacillus sakei UONUMA. . Biosci. Bioeng. 124, 178-183. doi: 10.1016/j.
jbiosc.2017.03.011

Ohashi, M., Nasuno, R,, Isogai, S., and Takagi, H. (2020). High-level production
of ornithine by expression of the feedback inhibition-insensitive N-acetyl

glutamate kinase in the sake yeast Saccharomyces cerevisiae. Metab. Eng. 62, 1-9.
doi: 10.1016/j.ymben.2020.08.005

Pachuau, L., Dutta, R. S., Roy, P. K., Kalita, P., and Lalhlenmawia, H. (2017).
Physicochemical and disintegrant properties of glutinous rice starch of
mizoram, india. Int. J. Biol. Macromol. 95, 1298-1304. doi: 10.1016/j.ijbiomac.
2016.11.029

Pineda, A., Carrasco, J., Pena-Farfal, C., Henriquez-Aedo, K., and Aranda, M.
(2012). Preliminary evaluation of biogenic amines content in chilean young
varietal wines by HPLC. Food Control 23, 251-257. doi: 10.1016/j.foodcont.
2011.07.025

Querol, A., Pérez-Torrado, R., Alonso-del-Real, J., Minebois, R., Stribny, J.,
Oliveira, B. M, et al. (2018). New trends in the uses of yeasts in oenology. Adv.
Food Nutr. Res. 85, 177-210. doi: 10.1016/bs.afnr.2018.03.002

Rao, Q. S, Yang, Z. Q., Gao, L., Song, Y. L., and Fang, W. M. (2014). Effect of raw
rice on antioxidant activity of finished yellow wine. China Brew. 33, 75-77.

Regueiro, J., Negreira, N., and Simal-Gandara, J. (2017). Challenges in relating
concentrations of aromas and tastes with flavor features of foods. Crit. Rev. Food
Sci. Nutr. 57, 2112-2127. doi: 10.1080/10408398.2015.1048775

Rhee, S. J., Lee, J. E., and Lee, C. H. (2011). Importance of lactic acid bacteria in
asian fermented foods. Microb. Cell Fact. 10:S5. doi: 10.1186/1475-2859-10-S1-
S5

Roldan, A. M., Lloret, L, and Palacios, V. (2017). Use of a submerged yeast culture
and lysozyme for the treatment of bacterial contamination during biological
aging of sherry wines. Food Control 71, 42-49. doi: 10.1016/j.foodcont.2016.06.
016

Rui, Y., Wan, P, Chen, G. ], Xie, M. H,, Sun, Y., Zeng, X. X,, et al. (2019).
Analysis of bacterial and fungal communities by Illumina MiSeq platforms and
characterization of Aspergillus cristatus in fuzhuan brick tea. LWT Food Sci.
Technol. 110, 168-174. doi: 10.1016/j.1wt.2019.04.092

Shekhawat, K., Bauer, F. F., and Setati, M. E. (2017). Impact of oxygenation on
the performance of three non-Saccharomyces yeasts in co-fermentation with
Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 101, 2479-2491. doi: 10.
1007/500253-016-8001-y

Shen, F., Ying, Y., Li, B., Zheng, Y., and Hu, J. (2011). Prediction of sugars and
acids in Chinese rice wine by mid-infrared spectroscopy. Food Res. Int. 44,
1521-1527. doi: 10.1016/j.foodres.2011.03.058

Shi, S., Zhang, L., Wu, Z.Y., Zhang, W. X, Deng, Y., and Li, J. M. (2011). Analysis of
the fungi community in multiple- and single-grains zaopei from a luzhou-flavor
liquor distillery in western china. World J. Microbiol. Biotechnol. 27, 1869-1874.
doi: 10.1007/s11274-010-0645-7

Shuang, P. L., Qing, L. C.,, Hui, J. A,, Yong, J. Y., Zhi, L. Z., Jian, M., et al. (2019). A
metagenomic analysis of the relationship between microorganisms and flavor
development in shaoxing mechanized huangjiu fermentation mashes. Int. J.
Food Microbiol. 303, 9-18. doi: 10.1016/j.ijfoodmicro.2019.05.001

Snoek, T., Verstrepen, K. J., and Voordeckers, K. (2016). How do yeast cells
become tolerant to high ethanol concentrations? Curr. Genet. 62, 475-480.
doi: 10.1007/500294-015-0561-3

Steensels, J., and Verstrepen, K. J. (2014). Taming wild yeast: potential of
conventional and nonconventional yeasts in industrial fermentations. Annu.
Rev. Microbiol. 68, 61-80.

Takagi, H. (2019). Metabolic regulatory mechanisms and physiological roles of
functional amino acids and their applications in yeast. Biosci. Biotechnol.
Biochem. 83, 1449-1462. doi: 10.1080/09168451.2019.1576500

Takahashi, T., Ohara, Y., and Sueno, K. (2017). Breeding of a sake yeast mutant with
enhanced ethyl caproate productivity in sake brewing using rice milled at a high
polishing ratio. J. Biosci. Bioeng. 123, 707-713. doi: 10.1016/j.jbiosc.2017.01.014

Tao, Y., Garcia, J. F., and Sun, D. W. (2014). Advances in wine aging technologies
for enhancing wine quality and accelerating wine aging process. Crit. Rev. Food
Sci. Nutr. 54, 817-835. doi: 10.1080/10408398.2011.609949

Tian, Y., Huang, J., Xie, T., Huang, L., Zhuang, W., Zheng, Y., et al. (2016).
Oenological characteristics, amino acids and volatile profiles of hongqu rice
wines during pottery storage: effects of high hydrostatic pressure processing.
Food Chem. 203, 456-464. doi: 10.1016/j.foodchem.2016.02.116

Varela, C., Dry, P. R., Kutyna, D. R,, Francis, I. L., Henschke, P. A, Curtin, C. D,
et al. (2015). Strategies for reducing alcohol concentration in wine. Aust. J.
Grape Wine Res. 21, 670-679. doi: 10.1111/ajgw.12187

Wang, J. G, Sheng, Y. G., Huang, Y. Y., Lu, W. ], and Xue, C. (2013). Development
of oatmeal red yeast rice wine. China Brew. 32, 152-154.

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 580247


https://doi.org/10.1007/s00253-016-8007-5
https://doi.org/10.1007/s00449-012-0868-0
https://doi.org/10.1007/s00449-012-0868-0
https://doi.org/10.1016/j.foodchem.2013.10.146
https://doi.org/10.1002/jib.169
https://doi.org/10.1016/j.fm.2018.07.001
https://doi.org/10.1016/j.fm.2018.07.001
https://doi.org/10.1016/j.ijfoodmicro.2019.05.001
https://doi.org/10.1016/j.ijfoodmicro.2017.06.012
https://doi.org/10.1080/10408398.2020.1762535
https://doi.org/10.1080/10408398.2020.1762535
https://doi.org/10.1016/j.foodres.2018.11.031
https://doi.org/10.1002/j.2050-0416.2008.tb00323.x
https://doi.org/10.1016/j.foodcont.2018.01.029
https://doi.org/10.1016/j.foodcont.2018.01.029
https://doi.org/10.1016/j.foodcont.2013.05.003
https://doi.org/10.1016/j.foodcont.2013.05.003
https://doi.org/10.1007/s00253-018-9384-8
https://doi.org/10.1007/s00253-018-9384-8
https://doi.org/10.1002/j.2050-0416.2009.tb00385.x
https://doi.org/10.1021/jf0400516
https://doi.org/10.1263/jbb.99.493
https://doi.org/10.1016/j.jbiosc.2017.03.011
https://doi.org/10.1016/j.jbiosc.2017.03.011
https://doi.org/10.1016/j.ymben.2020.08.005
https://doi.org/10.1016/j.ijbiomac.2016.11.029
https://doi.org/10.1016/j.ijbiomac.2016.11.029
https://doi.org/10.1016/j.foodcont.2011.07.025
https://doi.org/10.1016/j.foodcont.2011.07.025
https://doi.org/10.1016/bs.afnr.2018.03.002
https://doi.org/10.1080/10408398.2015.1048775
https://doi.org/10.1186/1475-2859-10-S1-S5
https://doi.org/10.1186/1475-2859-10-S1-S5
https://doi.org/10.1016/j.foodcont.2016.06.016
https://doi.org/10.1016/j.foodcont.2016.06.016
https://doi.org/10.1016/j.lwt.2019.04.092
https://doi.org/10.1007/s00253-016-8001-y
https://doi.org/10.1007/s00253-016-8001-y
https://doi.org/10.1016/j.foodres.2011.03.058
https://doi.org/10.1007/s11274-010-0645-7
https://doi.org/10.1016/j.ijfoodmicro.2019.05.001
https://doi.org/10.1007/s00294-015-0561-3
https://doi.org/10.1080/09168451.2019.1576500
https://doi.org/10.1016/j.jbiosc.2017.01.014
https://doi.org/10.1080/10408398.2011.609949
https://doi.org/10.1016/j.foodchem.2016.02.116
https://doi.org/10.1111/ajgw.12187
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

Relationship Between Microorganisms and Flavor

Wang, N., Chen, S., and Zhou, Z. (2019). Characterization of volatile organic
compounds as potential aging markers in chinese rice wine using multivariable
statistics. J. Sci. Food Agric. 99, 6444-6454. doi: 10.1002/jsfa.9923

Wang, P., Mao, J., Meng, X., Li, X, Liu, Y., and Feng, H. (2014). Changes in flavour
characteristics and bacterial diversity during the traditional fermentation of
chinese rice wines from shaoxing region. Food Control 44, 58-63. doi: 10.1016/
j.foodcont.2014.03.018

Wei, X. L., Liu, S. P,, Yu, J. S, Yu, Y. J., Zhu, S. H., Zhou, Z. L., et al. (2017).
Innovation chinese rice wine brewing technology by bi-acidification to exclude
rice soaking process. J. Biosci. Bioeng. 123, 460-465. doi: 10.1016/j.jbiosc.2016.
11.014

Xie, G. F, Li, W. J, Lu, J, Cao, Y., Fang, H,, and Zou, H. J. (2012).
Isolation and identification of representative fungi from shaoxing rice wine
wheat Qu using a polyphasic approach of culture-based and molecular-
based methods. J. Inst. Brew. 113, 272-279. doi: 10.1002/j.2050-0416.2007.
tb00287.x

Xie, G. F., Wang, L., Gao, Q, Yu, W, Hong, X., Zhao, L., et al. (2013).
Microbial community structure in fermentation process of Shaoxing rice wine
by Illumina-based metagenomic sequencing. J. Sci. Food Agric. 93, 3121-3125.
doi: 10.1002/jsfa.6058

Xie, G. F., Zheng, Z. Q., Ma, J., and Fu, J. W. (2010). Screening of yeast strains for
quick fermentation in chinese rice wine brewing. China Brew. 8, 12-14.

Xu, E., Wu, Z., Wang, F.,, Li, H, Xu, X,, Jin, Z., et al. (2015). Impact of high-
shear extrusion combined with enzymatic hydrolysis on rice properties and
chinese rice wine fermentation. Food Bioprocess Technol. 8, 589-604. doi: 10.
1007/s11947-014-1429-0

Xu, E., Wu, Z., Wang, F.,, Long, J., Xu, X,, and Jin, Z. (2016). Effect of ‘wheat
Qu’ addition on the formation of ethyl carbamate in chinese rice wine with
enzymatic extrusion liquefaction pretreatment. J. Inst. Brew. 122, 55-62. doi:
10.1002/jib.290

Xu, J., Wu, H., Wang, Z., Zheng, F., Lu, X, Li, Z., et al. (2018). Microbial dynamics
and metabolite changes in chinese rice wine fermentation from sorghum with
different tannin content. Sci. Rep. 8, 1-11. doi: 10.1038/541598-018-23013-1

Yang, L. J., Jiang, Y. J,, and Li, Y. D. (2013). Screening, identification and
fermentation characteristics of a chinese rice wine yeast strain with high stress
tolerance. Chin. J. Food Sci. 13, 71-77.

Yang, Y., Xia, Y., Lin, X., Wang, G., Zhang, H., Xiong, Z., et al. (2018). Improvement
of flavor profiles in chinese rice wine by creating fermenting yeast with superior
ethanol tolerance and fermentation activity. Food Res. Inter. 108, 83-92. doi:
10.1016/j.foodres.2018.03.036

Yang, Y. J., Xia, Y. J, Wang, G. Q, Tao, L. R, Yu, J. S, and Ai, L. Z.
(2019). Effects of boiling, ultra-high temperature and high hydrostatic
pressure on free amino acids, flavor characteristics and sensory profiles in
chinese rice wine. Food Chem. 275, 407-416. doi: 10.1016/j.foodchem.2018.
09.128

Yang, Y. J., Xia, Y. J., Wang, G. Q., Yu, J. S., and Ai, L. Z. (2017). Effect of mixed
yeast starter on volatile flavor compounds in chinese rice wine during different
brewing stages. LWT Food Sci. Technol. 78, 373-381. doi: 10.1016/j.1wt.2017.
01.007

Yasuda, M., Tachibana, S., and Kuba-Miyara, M. (2012). Biochemical aspects of red
koji and tofuyo prepared using Monascus fungi. Appl. Microbiol. Biotechnol. 96,
49-60. doi: 10.1007/500253-012-4300-0

Yu, H. Y., Xie, T., Xie, J. R, Ai, L. Z., and Tian, H. X. (2019). Characterization of
key aroma compounds in chinese rice wine using gas chromatography-mass
spectrometry and gas chromatography-olfactometry. Food Chem. 293, 8-14.
doi: 10.1016/j.foodchem.2019.03.071

Yu, L.J., Ding, F., and Ye, H. (2012). Analysis of characteristic flavor compounds in
chinese rice wines and representative fungi in wheat Qu samples from different
regions. J. Inst. Brew. 118, 114-119. doi: 10.1002/jib.13

Yue, Ch, Tian, J. J., Ge, Z. Q. and Yang, J. H. (2012). Research and
development of loquat leaf cordyceps militaris rice wine. China Brew.31,
186-189.

Zdaniewicz, M., Satora, P., Pater, A. and Bogacz, S. (2020). Low lactic
acid-producing strain of Lachancea thermotolerans as a new starter
for beer production. Biomolecules 10:256. doi: 10.3390/biom100
20256

Zhang, F. J., Zhu, X. M., Xue, J., Wang, Y. J., Wang, D. L., Zhou, J. D., et al. (2013).
Study on bacterial communities and their fermenting properties in brewing
process of yellow rice wine. Liquor Making Sci. Technol. 12, 32-35.

Zhang, W. X, Qiao, Z. W, Toru, S., Tang, Y. Q., Hu, C., Shigeru, M., et al. (2005).
Analysis of the bacterial community in zaopei during production of chinese
luzhou-flavor liquor. J. Inst. Brew. 111, 215-222. doi: 10.1002/j.2050-0416.2005.
tb00669.x

Zhong, Y., Xiang, X., Chen, T., Liu, Y., Ye, J., Luo, S., et al. (2020). Accelerated
aging of rice by controlled microwave treatment. Food Chem. 323:126853. doi:
10.1016/j.foodchem.2020.126853

Zhu, J., Lin, J., Palomec, L., and Wheeldon, I. (2015). Microbial host selection
affects intracellular localization and activity of alcohol-o-acetyltransferase.
Microb. Cell Fact. 14, 1-10. doi: 10.1186/s12934-015-0221-9

Zot, K., Miot-Sertier, C., Claisse, O., Lonvaud-Funel, A., and Masneuf-Pomarede,
I. (2008). Dynamics and diversity of non-Saccharomyces yeasts during the early
stages in winemaking. Int. J. Food Microbiol. 125, 197-203. doi: 10.1016/j.
ijfoodmicro.2008.04.00

Conflict of Interest: HZ and BN were employed by the company of Shanghai
Jinfeng Wine Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Yang, Hu, Xia, Mu, Tao, Song, Zhang, Ni and Ai. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

37

November 2020 | Volume 11 | Article 580247


https://doi.org/10.1002/jsfa.9923
https://doi.org/10.1016/j.foodcont.2014.03.018
https://doi.org/10.1016/j.foodcont.2014.03.018
https://doi.org/10.1016/j.jbiosc.2016.11.014
https://doi.org/10.1016/j.jbiosc.2016.11.014
https://doi.org/10.1002/j.2050-0416.2007.tb00287.x
https://doi.org/10.1002/j.2050-0416.2007.tb00287.x
https://doi.org/10.1002/jsfa.6058
https://doi.org/10.1007/s11947-014-1429-0
https://doi.org/10.1007/s11947-014-1429-0
https://doi.org/10.1002/jib.290
https://doi.org/10.1002/jib.290
https://doi.org/10.1038/s41598-018-23013-1
https://doi.org/10.1016/j.foodres.2018.03.036
https://doi.org/10.1016/j.foodres.2018.03.036
https://doi.org/10.1016/j.foodchem.2018.09.128
https://doi.org/10.1016/j.foodchem.2018.09.128
https://doi.org/10.1016/j.lwt.2017.01.007
https://doi.org/10.1016/j.lwt.2017.01.007
https://doi.org/10.1007/s00253-012-4300-0
https://doi.org/10.1016/j.foodchem.2019.03.071
https://doi.org/10.1002/jib.13
https://doi.org/10.3390/biom10020256
https://doi.org/10.3390/biom10020256
https://doi.org/10.1002/j.2050-0416.2005.tb00669.x
https://doi.org/10.1002/j.2050-0416.2005.tb00669.x
https://doi.org/10.1016/j.foodchem.2020.126853
https://doi.org/10.1016/j.foodchem.2020.126853
https://doi.org/10.1186/s12934-015-0221-9
https://doi.org/10.1016/j.ijfoodmicro.2008.04.00
https://doi.org/10.1016/j.ijfoodmicro.2008.04.00
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

1' frontiers
in Microbiology

CORRECTION
published: 25 February 2021
doi: 10.3389/fmicb.2021.636810

OPEN ACCESS

Approved by:
Frontiers Editorial Office,
Frontiers Medlia SA, Switzerland

*Correspondence:
Lianzhong Ai
ailianzhong@hotmail.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 02 December 2020
Accepted: 03 February 2021
Published: 25 February 2021

Citation:

Yang Y, Hu W, Xia Y, Mu Z, Tao L,
Song X, Zhang H, Ni B and Ai L (2021)
Corrigendum: Flavor Formation in
Chinese Rice Wine (Huangjiu):
Impacts of the Flavor-Active
Microorganisms, Raw Materials, and
Fermentation Technology.

Front. Microbiol. 12:636810.

doi: 10.3389/fmicbh.2021.636810

Check for
updates

Corrigendum: Flavor Formation in
Chinese Rice Wine (Huangjiu):
Impacts of the Flavor-Active
Microorganisms, Raw Materials, and
Fermentation Technology

Yijin Yang "2, Wuyao Hu'*, Yongjun Xia', Zhiyong Mu', Leren Tao?, Xin Song,
Hui Zhang?, Bin Ni® and Lianzhong Ai™

" Shanghai Engineering Research Center of Food Microbiology, School of Medical Instrument and Food Engineering,
University of Shanghai for Science and Technology, Shanghai, China, 2 School of Energy and Power Engineering, University
of Shanghai for Science and Technology, Shanghai, China, ° Shanghai Jinfeng Wine Co., Ltd., Shanghai, China

Keywords: Huangjiu (Chinese rice wine), flavor compounds, microbial community, raw material, fermentation
technology, yeast starter, fungi

A Corrigendum on

Flavor Formation in Chinese Rice Wine (Huangjiu): Impacts of the Flavor-Active
Microorganisms, Raw Materials, and Fermentation Technology

by Yang, Y., Hu, W., Xia, Y., Mu, Z., Tao, L., Song, X., et al. (2020). Front. Microbiol. 11:580247.
doi: 10.3389/fmicb.2020.580247

In the original article, there was a mistake in Figure 2 as published. “2-Methy-butanol” has been
corrected as “2-Methylbutanol,” and “Isoamylol” has been corrected as “Isoamyl alcohol.” The
corrected Figure 2 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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Monacolin K (MK) is a secondary metabolite of the Monascus species that can inhibit
cholesterol synthesis. Functional red mold rice (FRMR) is the fermentation product of
Monascus spp., which is rich in MK. FRMR is usually employed to regulate serum
cholesterol, especially for hypercholesterolemic patients who refuse statins or face
statin intolerance. The present perspective summarized the bioactive components of
FRMR and their functions. Subsequently, efficient strategies for FRMR production,
future challenges of FRMR application, and possible directions were proposed. This
perspective helps to understand the present situation and developmental prospects
of FRMR.

Keywords: functional red mold rice, monacolins, functional ingredients, production, application, Monascus spp.

INTRODUCTION

Red mold rice (RMR), also called red koji or red yeast rice is the fermentation product of Monascus
spp. (Farkouh and Baumgirtel, 2019). It is widely used as a colorant, supplement, and starters in the
food industry in Asian countries. RMR contains multiple beneficial metabolites, such as Monascus
pigments, monacolin K (MK), and y-aminobutyric acid. RMR also contains some enzymes, for
instance, protease and amylase (De Backer, 2017; Chen et al., 2019; Jiang et al., 2019). However,
a mycotoxin-citrinin produced by Monascus spp. can induce health risks (He et al, 2020b).
Nowadays, RMR has three main product types on the market depending on its application, as
follows: coloring RMR, brewing RMR, and functional red mold rice (FRMR). Coloring RMR is the
RMR with a color value higher than 1,000 U/g according to the National Food Safety Standard of
China (GB 1886.19-2015). Brewing RMR is the RMR that possesses strong saccharifying power and
esterifying power, which is used as a fermentation starter in the food industry based on the Light
Industry Standard of the People’s Republic of China (QB/T 5188-2017). FRMR is the RMR with a
natural MK of more than 0.4% according to the Light Industry Standard of the People’s Republic of
China (QB/T 2847-2007). MK is chemically identical to lovastatin, which is a lipid-lowering drug
and shows evident effects on inhibiting 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase
that catalyzes the rate-limiting step of cholesterol biosynthesis (De Backer, 2017; Bruno et al., 2018).
Therefore, FRMR is a commonly consumed food supplement by hypercholesterolemia patients,
especially for statin-intolerant community (Mazzanti et al., 2017; Xiong et al., 2019).

However, some issues related to FRMR should be taken into consideration. Firstly, MK has a
large number of analogs with different lipid-lowering effects and complex conversion relationships
(Kimura et al., 1990; Li et al., 2017; Beltran et al., 2019). For instance, 84 monacolins (MLs)
have been monitored in RMR sample (Li et al., 2017). FRMR available from market contains
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different contents of MK and different MLs in each FRMR sample
(Dujovne, 2017). Therefore, it is inappropriate to define the
functions of FRMR by merely depending on its MK content.
Secondly, MK possesses specific active forms and has multiple
functions. MK is an inactive lactone, which needs to be converted
into its active B-hydroxy acid form (MKA) for the lipid-
lowering activity (Yang and Hwang, 2006). Moreover, some other
functions of MLs have also been reported, including promoting
bone formation, being an antioxidant, and suppressing cancer
cell proliferation (Wong and Rabie, 2008; Kurokawa et al.,
2017; Nagabhishek and Madankumar, 2019; del Gaudio et al,,
2020). Thirdly, a great number of metabolites besides MLs
are available from FRMR. The functions of the beneficial
metabolites such as Monascus pigments and y-aminobutyric
acid should be understood and evaluated, while using FRMR
as a food supplement or as an alternative drug to the chemical
statins. Meanwhile, the toxic metabolite produced by some
Monascus strains, citrinin, should not only be studied but should
also be carefully controlled (Farkouh and Baumgirtel, 2019).
Furthermore, the side effects of MLs such as myopathies and
liver injury need to be evaluated (Mazzanti et al., 2017). For the
efficient application of FRMR, MK contents of FRMR should
be standardized, and the functions and safety of FRMR need
to be evaluated.

To obtain sufficient MK in FRMR, parameters for FRMR
production in solid- and liquid-state fermentation such as initial
moisture, pH, and nitrogen source have been optimized (Hp,
2012; Feng et al,, 2014; Lin et al., 2017; Huang et al,, 2018).
Moreover, the screening of Monascus strains with high-MK
production has also been carried out (Suh et al., 2007; Wanget al.,
2011). Novel substrates have been utilized for FRMR production
and enriching its product types, such as Dioscorea, Finger millet,
and Saccharina japonica (Lee et al., 2007; Venkateswaran and
Vijayalakshmi, 2010; Suraiya et al., 2018). All these strategies head
for high-quality FRMR. The natural and environmental-friendly
production of FRMR with sufficient MK is also prospected.

In the present perspective, we focus on the MLs in
FRMR and their differences with lovastatin; strategies for
efficient production of FRMR, the current situation of FRMR
application, and the corresponding future directions for a wide
application were proposed.

FUNCTIONAL SUBSTANCES IN FRMR

Monacolins are the main bioactive substances in FRMR. MK was
chemically identified as lovastatin and was first isolated from the
cultures of Monascus ruber No. 1005 as a hypocholesterolemic
agent in 1979 (Endo, 1979). MK is a polyketide compound
synthesized by polyketide synthase (PKS) in Monascus spp. MK
biosynthetic pathway and gene cluster in Monascus spp. are
similar to those of lovastatin from Aspergillus terreus (Zhang
et al., 2020). The MK gene cluster including nine genes named
mok A-mok I was isolated from the genome of Monascus pilosus,
and functions of the genes have been carried out (Chen et al.,
2008; Zhang et al., 2017b). Overexpression of key genes (mokC,
mokD, mokE, and mokI) in the Monascus purpureus azaphilone

polyketide pathway can be used to improve MK production
(Zhang et al., 2019).

Monacolins are chemical analogs of MK that share a similar
basic skeleton, with difference in the substituent groups. MLs are
mainly divided into lactone ring form and free acidic form (Li
etal., 2017). At least 84 MLs have been identified, though not all
of the MLs have been studied (Li et al., 2017). MLs, for instance,
monacolin L, monacolin ], dihydromonacolin L, monacolin X,
and compactin, etc., in both the lactone and acid forms have
attracted more attention, owing to their high contents in FRMR
and their well-known beneficial bioactivities (Endo and Hasumi,
1985; Endo, 1985a,b; Endo et al., 1986; Dhale et al., 2007a,b; Zhu
et al., 2012; Hachem et al., 2020). With the progress in research
on these compounds, more and more MLs have been isolated
and characterized. The structures and functions of MLs O-S,
a, B-dehydromonacolin S, 3a- hydroxy-3,5-dihydromonacolin L,
3b-hydroxy-3,5-dihydro monacolin L, o, f-hydromonacolin Q,
monacolin T, monacolin U, 6a-O-methyl-4,6-dihydromonacolin
L and 6a-O-ethyl-4,6- dihydromonacolin L have been explored
(Li et al, 2004; Liu et al., 2013; Zhang et al,, 2016, 2018a).
It is interesting that an unusual aromatic monacolin analog,
monacophenyl, was isolated from RMR (Liu et al., 2011). In view
of this, one of the most important key points for taking full
advantage of FRMR is exploring its functions and side effects.

Besides MLs, other functional substances such as pigments,
ergosterol, y-aminobutyric acid, and polysaccharides, also play
a certain role in the function of FRMR (Wang et al,
2014; Liang et al, 2019). For instance, ergosterol showed
remarkable lipid-lowering efficiency. Moreover, three Monascus
azaphilone pigments of monascin, monasfluore B, and ankaflavin
were discovered as ligands of lipase (Fang et al., 2017;
Liang et al., 2019).

FUNCTIONS OF FRMR

Functional red mold rice is widely consumed as a lipid-lowering
product due to it containing MLs. Among the most commonly
studied MLs, MK and its dihydro derivatives are the most
active compounds for lowering lipid levels (Avula et al., 2014).
However, MK exists in the inactive form naturally and undergoes
reduction to its B-hydroxy acid (MKA) active form (Beltrdn
et al, 2019). MK in the lactone form gets absorbed from the
gastrointestinal tract and gets converted into MKA in liver
and non-hepatic tissues (Ertiirk et al., 2003). In addition, the
transformation process of MK into MKA spontaneously occurs
at neutral pH, without the participation of gut microbiota.
However, the lipid-lowering effect is mediated by the gut
microbiota by catabolizing MKA to other compounds (Beltran
et al., 2019). In vitro experiments also indicated that MK could
be completely converted into MKA only in alkaline solutions
(Yang and Hwang, 2006).

Monacolins are usually obtained by consuming FRMR as a
food supplement or from FRMR in combination with other
bioactive compounds (Yang and Mousa, 2012; Heinz et al,
2016; D’Addato et al., 2017; Iskandar et al., 2020). An efficient
and better tolerance in hypercholesterolemic patients was seen
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when FRMR was combined with other bioactive compounds. For
instance, combining FRMR with guggulipid extract, chromium
picolinate, berberine, and coenzyme Qo showed a better
tolerance and efficiency (Yang and Mousa, 2012; Di Pierro et al.,
2016; Cicero et al., 2017; D’Addato et al., 2017; Stefanutti et al,,
2017; Mazza et al., 2018; Formisano et al., 2019; Wang et al., 2019;
Iskandar et al., 2020).

Besides the lowering lipid effects, the physiological functions
of MLs like promoting bone formation, attenuating arterial
thrombosis, and anticancer have also been confirmed (Wong
and Rabie, 2008; Tseng et al., 2011; Tien et al., 2016; Xu et al,,
2017; Wang et al., 2019). New bone formation in bone defects
in vivo and bone cell formation in vitro can be stimulated
and increased using RMR extract (Wong and Rabie, 2008).
In addition, apoptosis on gastric cancer was induced by MLs
and other components by scavenging the mitochondrial reactive
oxygen species (Kurokawa et al., 2017). Monacolin X is known
to attenuate the cell proliferation, migration, and ROS stress-
mediated apoptosis in breast cancer cells, which provides a
scope for the functional research of MLs (Nagabhishek and
Madankumar, 2019). Another important function of FRMR
is its strong antioxidant effect, which needs to be taken into
consideration (Lee et al., 2009; Mohan-Kumari et al., 2011).

EFFICIENT PRODUCTION OF FRMR

Optimization for Production of

Monacolins

Optimization of the fermentation parameters for MK production
has attracted much interest since its discovery (Tsukahara
et al, 2009; Panda et al, 2010; Hp, 2012; Dikshit and
Tallapragada, 2016). Liquid state fermentation (LSF) has not
yielded constant results and higher production. Therefore, solid-
state fermentation (SSF) is gaining an increasing popularity
for multiple industrially important products such as pigments,
enzymes, and antibiotics, besides MLs. SSF has been widely
employed in the industrial production of FRMR, due to
its advantages like maximum substrate utilization, better
process control, lower chances of contamination, and easy
downstream processing (Praveen and Savitha, 2012). Therefore,
fermentation parameters of SSF for FRMR production, such
as moisture content, fermentation temperature, and inoculum
concentration have been studied extensively and discussed
herewith. Generally, adjusting the moisture content to 35%
(w/w) and maintaining an environmental humidity at 55~65%
is beneficial for the MK production (Subhagar et al., 2009;
Feng et al, 2014). Fermentation temperature is another vital
parameter for MK production. The temperature-shift cultivation
is more advantageous for the MK production, when compared
with the constant temperature fermentation. Monascus spp.
are generally cultured at 30°C for their growth and at lower
temperature such as 25°C or even 23°C for MK production
(Tsukahara et al, 2009; Lin et al., 2017). In addition, the
inoculum concentration also shows an influence on Monascus
fermentation and MK production (Subhagar et al., 2009).
Appropriate inoculum size starts the fermentation quickly and

maintains the fermentation process at a good rate for metabolite
production. There is a significant relation between the inoculum
size and the spore concentrations of the inoculum, for instance,
by adjusting them to 13% (v/w) and 10° CFU/ml, respectively
(Feng et al., 2014). For the speedy growth of Monascus spp.
and avoiding contamination by other microorganisms, lactic
acid and acetic acid are usually added to adjust the pH
of the fermentation substrates (Xu et al., 2005; Feng et al,
2014). The methods for improving the MK production by
Monascus strains have been screened by chemical mutagenesis
or genetic engineering technology (Yang et al., 2005b; Suh
et al, 2007; Wang et al., 2011). A mutant KU609 with high
MK and no citrinin production has been obtained from the
wild-strain Monascus isolate number 711 by subjecting to y-
irradiation (Suh et al., 2007). The binary vector pPCAMBIA3300-
gpdA-hph-trpC with hygromycin B phosphotransferase (hph)
was constructed and transformed into Monascus albidus 9901
by Agrobacterium tumefaciens-mediated transformation. Two
transformants H1 and H2 were selected, and the MK yields
of H1 and H2 fermentation products were increased by 42.15
and 40.34%, respectively, compared with that of Monascus
albidus 9901 (Wang et al, 2011). Moreover, the mutagenic
treatment of ultrasonic wave was also employed to screen
Monascus strain producing more MK (Yang et al., 2005b).
However, the biological characteristic stability of mutants
should be well studied, before commencing the industrial
production of FRMR.

Besides the optimization of fermentation parameters,
some novel fermentation patterns have also been employed
to enhance the MK production (Panda et al, 2010; Zhang
et al, 2013; Seenivasan et al., 2020). Metabolic footprinting
concept has been used to improve the MK production.
A strong glycolytic flux pattern was observed in the shake
culture, tricarboxylic acids such as, citric acid, succinic
acid, and oxalic acid, apart from glycerol and ethanol are
most probably utilized for enhancing production of MK
(Seenivasan et al., 2020). A co-culture of M. purpureus
and M. ruber or M. purpureus and Monascus kaoliang
showed positive effects on MK production (Panda et al,
2010; Suraiya et al, 2018). On the other hand, agar was
tried as a carrier and the MK production of 2,047.03 mg/L
was obtained, when the agar concentration, particle size,
and glycerol concentration were 4%, 4 x 4 X 4 mm

and 18%, respectively (Zhang et al, 2013). To meet
the individual needs of consumers, novel FRMR needs
to be developed.

Novel Nutritious Substrates for FRMR
Production

Novel substrates have been used for Monascus fermentation
to enrich the types and functions of FRMR, for instance,
soybean flour, finger millet, and Thai glutinous rice (Chairote
et al, 2010; Venkateswaran and Vijayalakshmi, 2010; Feng
et al, 2014; Table 1). Among the substrates mentioned,
substrates rich in starch or protein, for example, soybean flour
and Dioscorea are more suitable for Monascus fermentation
and MK production (Table 1). Moreover, combining novel
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TABLE 1 | Substrates used for FRMR production.

Substrates Addition Fermentation = Fermentation Strain MK (mg/g)/ References
mode time (day) detection method
Finger millet Substrate SSF 7 M. purpureus 0.370/HPLC Venkateswaran and
Vijayalakshmi, 2010
Adlay Substrate SSF 7 M. purpureus 1.120/HPLC Yang et al., 2005a
Dioscorea Substrate SSF 10 M. purpureus NTU 301 2.584/HPLC Lee et al., 2006
Soybean powder 40% SSF 14 M. pilosus MS-1 18.733/HPLC Feng et al., 2014
Saccharina japonica Approximately 48.5% SSF 14.49 M. purpureus KCCM 60168  13.980/HPLC Suraiya et al., 2018
Mixed grains Substrate SSF 15 M. pilosus K-1140 2.310/HPLC Pyo and Seo, 2010
Wheat bran Approximately 25% SSF 16 M. sanguineus 20.040/UV Dikshit and
Tallapragada, 2016
Millet Substrate SSF 20 Monascus ruber 7.120/HPLC Zhang et al., 2018b
Soybean Substrate SSF 21 M. sp. K 0.892/HPLC Hong et al., 2012
Thai rice varity Oryza Substrate SSF 21 M. purpureus CMUQO1 33.790/HPLC Chairote et al., 2010

sativa L. cv. RD6

SSF, solid-state fermentation.

substrates with rice or with different grains together showed
a higher MK production, than using them as sole substrate
(Feng et al., 2014; Suraiya et al., 2018). However, it generally
needs 2~3 weeks of fermentation to obtain FRMR with MK
content of more than 10.00 mg/g. Long-term fermentation
of FRMR will increase its risk of contamination (Chairote
et al, 2010; Dikshit and Tallapragada, 2016; Suraiya et al,
2018). Therefore, strategies for improving the MK production
and further shortening the fermentation period need an
urgent attention, especially in consideration to environmentally
friendly and natural means. Improving MK production during
a fixed conventional fermentation cycle, for example, 14 or
21 days, which equate to shorten the fermentation periods
to obtain the required MK contents of FRMR. So, irritants
have been used to improve MK production for the rapid
fermentation of FRMR (Zhang et al, 2019; Zhen et al., 2019;
Peng et al., 2020).

Improving Monacolin Production Using

Irritants
For efficient production of FRMR, some nutritional and non-
nutritional irritants, such as glycerol, glutamic acid, NaCl, and
Chinese medicines have been used in medium or substrates, in
order to improve the MK production (Lu et al., 2013; Zhang et al.,
2019; Zhen et al., 2019; Peng et al., 2020) (Table 2). Generally,
higher yield of MK with low cost is expected for commercial
purposes. Most of the irritants mentioned above confirm to
this expectation. When 10 mM glutamic acid was used in the
medium, MK production increased 4.8-fold; the expressions of
mokC and mokG and permeability of cell membrane were also
increased (Zhang et al., 2017a, 2019). Trace of linoleic acid
also achieved the likely results, which was attributed to the
fact that linoleic acid increased the cyclic AMP concentration
and activated protein kinase that enhanced the MK production
(Huang et al., 2018).

MK can be enhanced by glycerol both in LSF and SSF with
varying concentrations of glycerol (Lu et al., 2013; Feng et al.,
2015). MK yields of fermentation broth and mycelia could be

enhanced significantly, when glycerol concentration was adjusted
to 6 g/L (p < 0.05). Concentration of MLs increased and
mainly existed in the mycelia after adding glycerol, compared
with that of control (Feng et al, 2015). The maximum MK
yield of 2.401 mg/g in mycelia was obtained, when the glycerol
concentration was 40 g/L (Feng et al,, 2015). Furthermore, the
maximal MK yield of 12.900 mg/g was obtained, when 26%
glycerol was used in SSE with bagasse as a carrier (Lu et al,
2013). As an environmentally friendly substance, which could
be obtained from byproducts of biodiesel, the comprehensive
utilization of glycerol needs to be explored in a future study
(Carabajal et al., 2020).

However, most of the irritants are used in LSF instead of SSF
at the present research stage. It is inferred that the low addition
of the irritants can easily modulate the MK production in LSE
due to rapid mixing and quick fermentation. Irritants used in SSF
needs a further study in future research.

STRATEGIES FOR BETTER
APPLICATION OF FRMR

It is well known that MK from FRMR acts as an inhibitor
of cholesterol synthesis. Lovastatin and several other statins
are marketed as drugs whereas FRMR is offered as a food
supplement. Statins can cause side effects such as muscle damage
and kidney failure, hence the side effects of FRMR need a critical
consideration (Xue et al., 2017). In addition, the quantities of
MK in FRMR remain widely variable (Yang and Mousa, 2012).
Therefore, it is imperative to evaluate whether FRMR or MLs can
be safe and efficient food supplement.

Content Variability and Quality
Standardization of FRMR

Functional red mold rice promotes the maintenance of normal
blood low-density lipoprotein (LDL) cholesterol concentrations
due to the presence of MLs (De Backer, 2017). FRMR containing
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TABLE 2 | Irritants used for improving MK production.

Irritants Addition Fermentation Fermentation Strain MK/detection References
mode time (day) method
Glycerol 40 g/L LSF 7 M. pilosus MS-1 2.401 mg/g/HPLC (MK Feng et al., 2015
yield of mycelia)
NaCl 0.02M LSF 10 M. purpureus Approximately Zhen et al., 2019
SKY219 90 ng/mL/HPLC (MK
yield of fermentation
broth)
Dioscorea 1% LSF 12 M. purpureus NTU 27.9 mg/g/HPLC (MK Lee et al., 2007
568 yield of mycelia)
Glutamic acid 10mM LSF 12 Monascus M1 215 pg/mU/HPLC (MK Zhang et al., 2017a
yield of fermentation
broth)
Citri Reticulatae 3.75% Citri Reticulatae SSF 12 M. ruber M2-1 3.6 mg/g/HPLC Peng et al., 2020
Pericarpium, Poria Pericarpium, 2.55%
cocos, and Radix Poria cocos, and
Angelicae dahuricae 2.01% Radix
Sodium nitrate 1% SSF 14 M. purpureus 0.378 mg/g/HPLC Su et al., 2003
CCRC 31615
Glutamic acid 10 mM LSF 15 Monascus C8 Approximately Zhang et al., 2019
450 pg/mL/HPLC (MK
yield of fermentation
broth)
Linoleic acid 512 uM LSF 15 M. ruber cicc 5006 Approximately Huang et al., 2018
150 pg/mL/HPLC (MK
yield of fermentation
broth)
Glycerol 26% SSF 20 M. purpureus 9901 12.900 mg/g/HPLC Luetal., 2013
Soybean hull Approximately 50% LSF 30 M. pilosus KCCM 0.02 mg/g/HPLC (MK Simu et al., 2018

60084

yield of fermentation

product)

LSF, liquid-state fermentation, SSF, solid-state fermentation.

5~7 mg MK is considered to be an efficient cholesterol-
lowering agent equivalent to 20~40 mg of pure lovastatin
(Burke, 2015). Standardized FRMR formulation with 10 mg
MLs consumed daily has shown to reduce LDL cholesterol by
approximately 20% (McCarty et al., 2015). In 2011, the European
Food Safety Authority (EFSA) concluded the existance of a
causal relationship between the consumption of lovastatin from
FRMR and “maintaining normal LDL cholesterol levels.” To
obtain the claimed effect, a dose of >10 mg lovastatin everyday
was prescribed (Efsa Panel on Dietetic Products Nutrition,
and Allergies. (NDA), 2011). However, the results of percent
of MK in 28 brands of RMR showed a large variability.
No presence of MK was detected in two brands of RMR,
and MK range in the other 26 RMR brands ranged more
than 60-fold. The quantity of MK consumed per day would
range more than 120-fold, compared with the recommended
intake claimed by the manufacturers (Cohen et al, 2017).
Some other studies indicate similar results (Heber et al,
2001; Gordon et al, 2010; Song et al, 2012). In addition,
the quantity of MK in RMR supplements notified to the
health authorities by the manufacturers varies by 30-fold,
which is attributed to the variation in the strain and the
fermentation process (De Backer, 2017). The large variation
of MK content in RMR supplements could induce large
difference in the lipid regulating effects within individuals,

which in turn could problems to the efficiency and safety
of the RMR supplements. Hence, standardization must be
rigorously ensured, as in many cases, the content labeling
of RMR supplement is erroneous. The MK content in RMR
supplements varies due to the production of RMR with
different strains and fermentation process (Patel, 2016; Dujovne,
2017). However, it is worth mentioning that MK in 0.1~0.2%
range in RMR is efficient and free of side effects (Halbert
et al, 2010). Based on this, effective analytical tools such
as chromatography and mass spectrometry can be used to
identifiy the discrepancies. In addition, a statement on the
product label is required which assures that a toxin-free, non-
augmented, standardized amount of MLs would be advantageous
to consumers, which will allow more predictable efficacy and
better safety (Nguyen et al., 2017).

FRMR available from markets is with various MK contents,
for instance, 0.4, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, and 3%. FRMR with
different MK contents varies in price, and the price of FRMR
is usually positively correlated with its MK content (Song et al.,
2019). For instance, the price of FRMR with MK content of
2% available from the market is about US$50 per 1 kg. In
addition, FRMR with different product types also varies in price'.
Therefore, in order to meet drug quality standards, commercial

Thttps://www.walgreens.com/store/c/red-yeast-rice/ID=361661-tier3
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lovastatin is illegally added to common RMR to imitate FRMR
(Song et al,, 2019). In view of this, the Hongqu Health Food
Standard in 2007 (Taiwan Guardian Food No0.0960406448) and
the EFSA are currently reassessing the safety of a 10-mg dose of
MK as a food supplement (Poli et al., 2018; Song et al., 2019). For
the accuracy of MK content, many standards for MLs detection
have been established. However, there is no clear requirement for
inspection of MK in FRMR according to most of the standards.
Some criteria clarify that the required content of MK lactone
in FRMR is generally not less than 0.4%, while just a few of
them mention the content requirements of MK lactone and acid
forms (Poli et al., 2018; Song et al., 2019). The Standard for
Chinese Medicine Yinpian Processing of Sichuan Province (2015)
requires that MK lactone should serve as the quality control of
FRMR and the lowest MK content should be 0.4%, which is in
accordance with the standard of the “Functional red yeast rice
QB/T 2847-2007.” The Standard for Chinese Medicine Yinpian
Processing of Zhejiang Provine (2015) indicated that the total
of MK lactone and acid in FRMR should be more than 0.3%,
and the peak area of acid MK must not be less than 5% of the
lactone MK peak area.

In order to distinguish commercial lovastatin from MK,
some efficient detection methods such as UHPLC-QQQ-MS,
UHPLC-Q-TOEF-MAS, and stable isotope ration analysis (13c-
NMR) have been employed to authenticate the FRMR (Zhu
et al., 2013; Perini et al., 2017). Moreover, it is demonstrated
that the analysis of $!*C with isotope ratio mass spectrometry
could authenticate the FRMR (Song et al, 2019). All the
aforementioned strategies relate to standardize the MK content in
RMR and authenticate the FRMR, thereby laying the foundation
for standardization of FRMR.

Safety Evaluation of FRMR

Functional red mold rice has always been used as an alternative
lipid-lowering therapy for patients who are unable to tolerate
the statin therapy, due to statin-associated myalgias (Gordon
and Becker, 2011). However, the variability of MK content,
potential of toxic byproducts, and no clinical data on the
FRMR dietary supplement indicate that the patients should
be cautious before FRMR is standardized (Venhuis et al,
2016). As of date, some side effects of FRMR have been
reported, such as myopathy, erectile dysfunction, and liver
injury, etc. (Polsani et al, 2008; Childress et al, 2013;
Mazzanti et al,, 2017; Liu and Chen, 2018). On the other
hand, among dyslipidemic patients with low to moderate
cardiovascular risk, FRMR induces less muscle fatigue symptoms
and exerts comparable lipid-lowering effects, when compared
with simvastatin in single-center randomized pilot trials (Xue
et al., 2017). Therefore, safety evaluation of FRMR is an urgent
and important subject.

It has been confirmed that the safety profile of FRMR is
similar to that of statins (Mazzanti et al., 2017). Therefore,
the composition and formulation of FRMR dietary supplement
is particularly important due to the presence of MLs; besides,
MK may also act as HMG-CoA-reductase inhibitors (Li et al.,
2004). For instance, compactin is likely to be only half as
effective, with respect to HMG-CoA reductase inhibition as

MK (Heber et al., 2001; Li et al, 2004). Therefore, the
bioavailability of the individual MLs is difficult to determine,
in the presence of MK. It may be useful to specify a total MLs
content in the form of monacolin equivalents. This hypothesis
suggests that FRMR can be considered an unregistered medicine
(Farkouh and Baumgirtel, 2019).

In addition, citrinin is a confirmed nephrotoxic and
teratogenic agent present in FRMR, which is another obstacle
for using FRMR as food supplement or medicine. Therefore,
Monascus strains with high MK production and low even
undetectable citrinin have been screened (Li et al., 2020).
Additives such as soybean isoflavones and NaCl were also
used to reduce citrinin production (Huang et al., 2019; Zhen
et al., 2019; He et al., 2020a). Meanwhile, detection of citrinin
in FRMR is also a matter of great concern and HPLC is
usually used to detect citrinin in FRMR (Li et al., 2020). For
the efficient detection of citrinin in FRMR, immunoaffinity
column is employed for citrinin extraction according to the
Chinese National Standards for Determination of Citrinin in
Food (GB 5009.222-2016). Moreover, additive pharmacological
effects may be expected for other MLs present (Venhuis
et al., 2016). It should be suggested that the consumers taking
FRMR should do a blood test for cholesterol before taking
the FRMR dietary supplement. It should also be noted that
taking FRMR and statins at the same time can easily lead
to overdosing and side effects. Without active postmarket
surveillance for adverse drug reactions, the valuable signals
of product safety are lost. If the current regulatory status for
pharmacologically effective FRMR dietary supplements do not
permit adequate warnings and active monitoring of adverse drug
reactions, then their regulatory status may not be appropriate
(Venhuis et al., 2016).

Based on this, some strategies like the continuous monitoring
of “natural” dietary supplement safety through spontaneous
reports, long-term trials, appropriate information to clinicians
and consumers, and timely submission of suspect reports
to regulatory agencies, should be carried out (Mazzanti
et al, 2017). Moreover, three important points need to
be taken into consideration: (1) Recognizing that FRMR
contains a statin-like compound; (2) carefully recommending
FRMR to statin-intolerant patients with a history of myositis
or myopathy; (3) Documenting all alternative medicines,
such as FRMR, taken by patients, in order to weigh the
benefit-to-risk of co-administration of other drugs (Polsani
et al, 2008). Overall, the real-world vigilance should
be strengthened at different levels, including consumers,
clinicians and policy-makers to promote the proper use and
harmonize the regulatory status of FRMR (Raschi et al., 2018;
Farkouh and Baumgirtel, 2019).

CONCLUSION

Functional red mold rice has been used as a folk medicine by
people suffering from hyperlipidemia. However, besides MK,
other MLs, pigments, and citrinin in FRMR show multiple
activities, sometimes even resulting in toxicity to the consumers.
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For improving the MK content and optimizing the product type
of FRMR, fermentation parameters should be optimized and
the used of novel substrates or irritants should be employed for
FRMR production. Standardization of MK contents in FRMR
and evaluation of FRMR safety should be studied in detail. Based
on this, a better application of FRMR as a safe and effective
lipid-lowering agent can be actualized.
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Baijiu is a traditional distilled beverage in China with a rich variety of aroma substances.
2,3,5,6-tetramethylpyrazine (TTMP) is an important component in Baijiu and has the
function of promoting cardiovascular and cerebrovascular health. During the brewing
of Baijiu, the microorganisms in jiuqu produce acetoin and then synthesize TTMP,
but the yield of TTMP is very low. In this work, 2,3-butanediol dehydrogenase
(BDH) coding gene BDH1 and another BDH2 gene were deleted or overexpressed
to evaluate the effect on the content of acetoin and TTMP in Saccharomyces
cerevisiae. The results showed that the acetoin synthesis of strain a5-D1B2 was
significantly enhanced by disrupting BDH7 and overexpressing BDH2, leading to
a 2.6-fold increase of TTMP production up to 10.55 mg/L. To further improve
the production level of TTMP, the a-acetolactate synthase (ALS) of the pyruvate
decomposition pathway was overexpressed to enhance the synthesis of diacetyl.
However, replacing the promoter of the /LV2 gene with a strong promoter (PGK1p)
to increase the expression level of the ILV2 gene did not result in further increased
diacetyl, acetoin and TTMP production. Based on these evidences, we constructed
the diploid strains AY-SB1 (ABDH1:loxP/ ABDH1:loxP) and AY-SD1B2 (ABDH1:loxP-
PGK1p-BDH2-PGK 1t/ ABDH1:loxP-PGK1p-BDH2-PGK1t) to ensure the fermentation
performance of the strain is more stable in Baijiu brewing. The concentration of TTMP in
AY-SB1 and AY-SD1B2 was 7.58 and 9.47 mg/L, respectively, which represented a 2.3-
and 2.87-fold increase compared to the parental strain. This work provides an example
for increasing TTMP production in S. cerevisiae by genetic engineering, and highlight a
novel method to improve the quality and beneficial health attributes of Baijiu.

Keywords: Saccharomyces cerevisiae, 2,3,5,6-tetramethylpyrazine, acetoin, Baijiu, BDH1, BDH2
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Increasing TTMP Content in Baijiu

INTRODUCTION

Baijiu is an alcoholic beverage that is widely consumed
in China (Du et al, 2011). Cereals (sorghum corn, rice,
wheat, peas, and millet) and fermentation starter are the
main raw materials for brewing Baijiu. The fermentation
starter of Baijiu is also known as jiuqu, including daqu,
xiaoqu, fuqu, and other jiuqu. Baijiu brewed from different
jiuqu will have significant differences in content of aroma
and flavor substances. Therefore, Baijiu is classified into five
types according to its aroma: strong aroma type, light aroma
type, soy sauce aroma type, sweet honey aroma type, and
miscellaneous aroma type (Wang et al, 2014). Esters and
alcohols are the main flavor substances and their content will
affect the quality of Baijiu. Although the kinds of pyrazine
are lower than these two volatile flavor compounds, pyrazine
is also one of the important aroma compounds in Baijiu
(Liu and Sun, 2018). Fan et al. (2007) identified 27 pyrazines
in Baijjiu by gas chromatography-mass spectrometry (GC-
MS), including 2,5-dimethylpyrazine, 2,3,5-trimethylpyrazine,
and 2,3,5,6-tetramethylpyrazine (TTMP).

2,3,5,6-Tetramethylpyrazine was originally extracted from
the herb of Chuan qiong (Ligusticumm wallichii), a traditional
Chinese medicinal plant (Xiao et al., 2006). TTMP has been
previously found to have a beneficial effect on cardiovascular
and cerebrovascular health (Xiao et al., 2018; Chen et al., 2020).
Moreover, recent studies have shown that TTMP has a positive
therapeutic effect on several diseases, including hepatocellular
carcinoma and spinal cord injury, and especially with regards
to heart toxicity caused by ethanol (Shin et al., 2013; Cao et al,,
2015). During Baijiu fermentation, TTMP may be produced
via the microbial metabolism and acetoin is the precursor of
TTMP (Meng et al, 2016; Xu et al, 2018). First, acetoin is
used as a substrate to react with ammonium (or ammonia)
to form o-hydroxyimine (Xiao et al., 2014). Subsequently,
a-hydroxyimine is converted to 2-amino-3-butanone, which
condense to form TTMP spontaneously (Xu et al., 2018; Zhang
et al,, 2019). It has been reported that the content of TTMP also
increased with a gradually increased concentration of acetoin,
suggesting that acetoin is a precursor of TTMP (Rizzi, 1988; Chen
etal., 2010; Zhu et al., 2010; Meng et al., 2020).

In terms of Saccharomyces cerevisiae, pyruvate is converted
into a-acetolactate by a-acetolactate synthase (ALS), which is
encoded by the ILV2 gene (YMRIOS8W) (Brat et al, 2012).
In S. cerevisiae,a-acetolactate is decarboxylated into diacetyl
spontaneously when the cells are cultured in an aerobic
environment (Dulieu and Poncelet, 1999). Diacetyl is then
reduced into acetoin by 2,3-butanediol dehydrogenase (BDH),
which is encoded by the BDHI gene (YALO60W) (Ehsani et al.,
2009; Kim et al., 2013; Wess et al., 2019). Acetoin is converted into
2,3-butanediol under the control of BDH. The BDHI gene plays
an important role in the synthesis of acetoin and 2,3-butanediol.
The BDH2 gene (YAL0O61W) is adjacent to BDHI, Bdh2p is 51%
similar to the Bdh1p (Gonzalez et al., 2010; Li P. et al., 2017). The
overexpression of the BDH2 gene improved the tolerance of yeast
cells to vanillin (Ishida et al., 2016, 2017). Although the function
of BDH in the synthesis of 2,3-butanediol has been extensively

studied, its effect on TTMP production has not been reported yet
(Kim et al., 2013; Choi et al., 2016; Yang and Zhang, 2018).

2,3,5,6-Tetramethylpyrazine has been proved to be effective in
the treatment of a variety of diseases and beneficial to human
health (Hao et al., 2013). However, the content of TTMP in
Baijiu is low, so it is interesting to increase the concentration of
TTMP in Baijiu. This study is the first to genetically S. cerevisiae
engineer strains to increase the content of TTMP in Baijiu.
The biosynthetic pathway of TTMP and metabolic regulation
strategy is shown in Figure 1. In a-type haploid strain, BDH
coding gene BDHI and another gene BDH2 were deleted or
overexpressed to elucidate their role in TTMP production. Then,
recombinant diploid strains were constructed to ensure the
fermentation performance during Baijiu brewing. The results
demonstrated that overexpression of BDH2 and deletion of
BDHI can effectively increase the accumulation of acetoin
and then enhance the content of TTMP. The concentrations
of ester and higher alcohol produced by the diploid strains
were not affected by the genetic modification. In addition, we
found that overexpression of the ALS coding gene ILV2 had
no significant effect on the production of acetoin and TTMP.
Overall, the diploid strains showed significant potential for
industrial applications.

MATERIALS AND METHODS

Strains and Medium

The strains and plasmids used in this study are listed in
Table 1. S. cerevisiae was grown in YPD medium at 30°C. Then,
1,000 pg/mL G418 (Promega, Madison, WI, United States) was
added to the YPD medium to select the right transformants.
The YPG medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L
galactose) was used to eliminate the KanMX resistance gene, as
the selection marker for the yeast strain. Escherichia coli was
grown in LB medium at 37°C. Ampicillin (100 pg/mL) was added
to the LB medium as required. The YPD, LB, and YPG mediums
were mixed with 2% agar powder for plating.

Construction of Recombinant Strains

The primers used in this study are listed in Supplementary
Table 1. The plasmid pUG6 was used to obtain the loxP-KanMX-
loxP fragment, with the KanMX gene used as the selection marker
for the yeast strain. To construct the BDHI gene deletion strain
(a5-TB1) and BDH2 gene deletion strain (a5-TB2), the plasmid
pUG6 was used as the template to obtain the KanMX-B1 and
KanMX-B2 fragments using the primers B1C-U/B1C-D and B2C-
U/B2C-D, respectively. Homologous recombination was used to
assemble the fragments into the parental strain 5.

The ILV2 expression cassette was composed of the
homologous sequence fragments of the ILV2 gene, ILV2A
and ILV2B, the PGKI promoter and terminator, the ILV2
gene, and the KanMX gene. The cassette containing the
ILV2 gene was under the control of the PGKI promoter
and PGKIp terminator. The strain a5-VI2 was obtained as
follows: the ILV2A-loxP-KanMX-loxP-PGK1p and PGKIt-
ILV2B fragments were obtained through PCR using the
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FIGURE 1 | TTMP and acetoin pathway construction in Saccharomyces cerevisiae. The green arrows indicate the enhanced pathways. The red cross mark indicates
the disrupted pathways. ALS, a-acetolactate synthase, encoded by /LV2; PDC, pyruvate decarboxylase, encoded by PDC1, PDC5, and PDC6; ALD, acetaldehyde
dehydrogenase, encoded by ALD6; ADH, alcohol dehydrogenase, encoded by ADH1, ADH3, and ADH5; BDH, 2,3-butanediol dehydrogenase, encoded by BDH1.

TABLE 1 | Strains and plasmids used in the current study.

Strains or plasmids Relevant characteristic Source

Strains
Escherichia coli
DH5a SupE44 AlacU169 (¢ 80lacZAM15) hsdR17 recAlendAlgyrA96 thil relA Stratagene (Santa Clara, CA, United States)
Saccharomyces cerevisiae

AY15 Commercial liquor yeast strain Tianjin Industrial Microbiology Key Laboratory
a8 MATa, haploid yeast strain from AY15 LiW. et al.,, 2017
ab MATa, haploid yeast strain from AY15 LiW. etal., 2017
ab-TB1 MATa, ABDH1:loxP This study
a5-VB1 MATa, ABDH1:loxP-PGK1,-BDH1-PGK1; This study
ab-TB2 MAT o, ABDHZ2:loxP This study
ab-VB2 MATa, ABDH2:loxP-PGK1,-BDH2-PGK 1t This study
a5-D1B2 MATa, ABDH1:loxP-PGK1,-BDH2-PGK 1t This study
ab-VI2 MATa, AILV2:loxP -PGK1p-ILV2-PGK 1t This study
AY-B1 MATo/MATa, ABDH1:loxP/BDH1 This study
AY-SB1 MATo/MATa, ABDH1:loxP/ ABDH1:loxP This study
AY-D1B2 MATo/MATa, ABDH1:loxP-PGK1,-BDH2-PGK1,/BDH1 This study
AY-SD1B2 MATo/MATa, ABDH1:loxP-PGK1,-BDH2-PGK1: ) ABDH1:loxP-PGK1,-BDH2-PGK1¢ This study
Plasmids
pUG6 E. coli/S. cerevisiae shuttle vector, containing Amp marker and loxP-KanMX-loxP cassette Gueldener et al., 2002
Yep352 URA3 marker, Amp marker ori control vector Invitrogen (Carlsbad, CA, United States)
pSH-Zeocin Zeo marker, Cre expression vector LiW. etal., 2017
YEPI2KPB1 Amp marker, Kan marker, containing ILV2A-loxP-KanMX-loxP—PGK1,-BDH1-PGK1-ILV2B Shi et al., 2016
Yep-KPB2 Amp marker, Kan marker, containing loxP-KanMX-loxP-PGK1p—BDH2-PGK 1t Shietal., 2017

primers L1-F/L1-R and L2-F/L2-R, respectively, from The construction of the a5-VB1, a5-VB2, and a5-D1B2 strain
the plasmid YEPI2KPBI. The fragment of the ILV2 gene was similar to that of a5-ILV2. The recombinant fragments and
was obtained using the primers ILV2-F/ILV2-R from the corresponding PCR primers of the constructed strains are listed
a5 yeast genome. in Supplementary Table 2. The a5 yeast strain was transformed
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using lithium acetate/PEG according to the standard protocol
(Gietz and Woods, 2002). The transformant cells were grown on
a YPD-G418 plate for 48 h at 30°C. The recombinant strains
were then verified using PCR with different primers. Finally,
the resistance gene KanMX of the recombinant strains a5-TB1,
a5-VB1, a5-TB2, a5-VB2, a5-D1B2, and a5-VI2 were removed
using the Cre/loxP procedure.

Construction of the Diploid

Recombinants

To obtain diploid recombinant strains, the a-type and a-type
haploid strains were hybridized. These two type strains were
cultured in test tubes until the logarithmic growth phase in YPD
medium. They were then hybridized in fresh YPD medium for
8 h. The diploid recombinants were tested with MAT-F/MAT-
a/MAT-a as primers.

The a-type strain a8 was hybridized with a-type haploid
recombinant strain a5-TB1 and a5-D1B2 to obtain the diploid
recombinant strains AY-B1 and AY-D1B2, respectively. The
KanMX-BIS fragment was amplified using PCR with the primers
B1C-2U/B1C-2D from the plasmid pUG6. The BI2A-KanMX-
PGKp-BDH2-PGKt-BI2B fragment was amplified using the
primers B12C-U/B12C-D from the a5-D1B2 strain. The KanMX-
B1S and BI2A-KanMX-PGKIp-BDH2-PGKIt-BI2B fragments
were transferred into the AY-B1 and AY-D1B2 strains to delete
the BDH1 gene of the a8 strain, respectively. The resulting diploid
strains were verified by PCR using the corresponding primers.
The KanMX gene of the resulting diploid strains was eliminated
using the Cre/loxP procedure, to obtain the AY-SB1 and AY-
SD1B2 strains.

Fermentation Experiments

Corn-semi-solid medium was used to simulate industrial Baijiu
fermentation (Li W. et al., 2017). The corn-semi-solid medium
was prepared by gelatinizing a mixture of 60 g of corn flour
and 130 mL of water at 65°C for 20 min in a 250-mL conical
bottle. Then the mixture was liquefied at 90°C for 90 min with
thermostable a-amylase (10 U/g corn weight, 2 x 10> U/mL) and
subsequently saccharified at 60°C for 30 min with a saccharifying
enzyme (150 U/g corn weight, 10 x 10° U/mL). The resulting
medium was cooled to 30°C at room temperature. The strains
were cultured in a test tube with 8° Bx medium (6 mL) for
24 h. The culture was then added to 12° Bx medium (54 mL)
for 16 h. Finally, 15 mL of the strain culture was inoculated into
corn-semi-solid fermentation medium for 4 days. The content of
residual sugar was measured using Fehling’s reagent.

GC and HPLC Analysis

The contents of flavor substances (esters, higher alcohols,
diacetyl, and TTMP) were detected by gas chromatography
(GC) using an Agilent 7890C GC (Agilent, Palo Alto, CA,
United States) equipped with an G4513A autosampler, injector,
and flame ionization detector (FID) (Cui et al., 2018). HP-
INNOWax polyethylene glycol (30 m x 320 pm, i.e., 0.5 pm
coating thickness) was used for separation. N-Butyl acetate was
used as the internal standard. An internal calibration curve was

established utilizing authentic standards to detected the content
of the compound. The chemicals were purchased from Merck
(Darmstadt, Germany).

High-performance liquid chromatography (HPLC) was used
to measure the production of acetoin and 2,3-butanediol. The
fermentation broth was diluted to an appropriate concentration
and filtered using a 0.22-pm filter. Agilent 1260HPLC equipped
with a Bio-Rad HPX-87H column was used, according to the
detection method reported by Li P. et al. (2018).

Real-Time Quantitative PCR

The transcript levels of the BDHI, BDH2, and ILV2 genes in
the strains were detected using quantitative real-time PCR (RT-
qPCR). The ACTI gene was used as the reference gene. The
primers ACT1-F/ACT1-R, BDH1-F/BDHI1-R, BDH2-F/BDH2-
R, and ILV2-F/ILV2-R were used to amplify the ACT1, BDHI,
BDH2, and ILV2 genes, respectively. Yeast Processing Reagent
(Takara Biotechnol, Dalian, China) was used to extract yeast
total RNA, and then reverse transcribed using a PrimeScript™
RT reagent Kit with gDNA Eraser (Perfect Real Time) (Takara
Biotechnol, Dalian, China). TB Green PreMix Ex Taq II
(Tli RNAseH Plus) (Takara Biotechnol, Dalian, China) was
used to detect changes in gene expression levels by RT-
qPCR. The PCR amplification program includes 95°C pre-
denaturation 30 s, 95°C denaturation 5 s, 60°C annealing
polymerization 30 s, melting curve stage 15 s, 60°C 1 min. Real-
time PCR was performed using a StepOnePlus real-time PCR
system (Applied Biosystems/Thermo Fisher Scientific, Foster
City, CA, United States). The 27 2A€t method was used for
quantitative analysis.

Enzyme Assays

The enzyme activities of BDH and ALS were determined as
previously described (Calam et al., 2016; Murashchenko et al.,
2016). The protein concentration was determined using a TaKaRa
Bradford Protein Assay Kit (Takara Biotechnology, Dalian,
China). The ALS reaction mixture contained 40 mM pyruvate,
1 mM thiamine diphosphate, 1 mM MgCl,, 10 uM FAD, and
100 mM potassium phosphate buffer (pH 7.0). The enzyme
activity unit was defined as the amount of acetoin catalyzed by
1 mg enzyme within 1 min under reaction conditions. The BDH
reaction mixture contained 10 mM acetoin, 0.1 mM NADH,
and 100 mM potassium phosphate buffer (pH 7.0). Acetoin and
NADH were used as substrates to measure the activity of BDH.
The BDH enzyme unit was defined as 1 umol of NAD ™ produced
from NADH per min.

Determination of the Growth Curve

The method used to calculate the growth curve was obtained
from Li W. et al. (2018). Briefly, the yeast strain was grown
in YPD medium for 12 h up until the stationary phase. Then,
the yeast culture was inoculated into fresh YPD medium and
cultured in a shaking flask for 24 h. The optical density (ODggo)
was measured every 1 h to obtain the data needed to draw
the growth curve.
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Statistical Analysis

Data are provided as the mean =+ standard error. The
differences between the recombinant strains and host strain were
analyzed using Student’s t-test. A p-value <0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Effects of BDH1 Deletion or
Overexpression on Production of TTMP

in Saccharomyces cerevisiae

The BDHI gene encodes BDH and plays an important role
in the synthesis of 2,3-butanediol and acetoin (Kim et al,
2013). To determine the effect of BDHI gene on TTMP
production, we constructed BDHI deletion strain a5-TB1 and
BDHI overexpression strain a5-VB1. The TTMP content in
the strain a5-TB1 was 1.94-fold higher than that of strain a5
(Table. 2). As the precursor, acetoin production by strain a5-
TB1 was 3.77-fold greater than that of a5. Meanwhile, 2,3-
butanediol produced by strain a5-TB1 was reduced by 77.33%.

The recombinant strain a5-VBI1 yielded a 74.85% decrease in
acetoin compared to the parental strain. Hence, the production
of TTMP by recombinant strain a5-VB1 decreased slightly.
The production of 2,3-butanediol by a5-VB1 was increased to
2,702.16 mg/L, which was 1.44-fold greater than that generated by
a5. Moreover, deletion or overexpression of BDHI gene did not
affect the fermentation performance (ethanol production, CO,
emission, residual sugar, and growth curve) of the strain (Table. 3
and Supplementary Figure 1A).

The expression of BDHI at the transcriptional level in strains
a5-VB1 and a5-TB1 was also measured by RT-qPCR. As shown
in Figure 2A, the relative expression of the BDHI gene in the
recombinant a5-VB1 strain was 16.38-fold that of «5. In strain
a5-TB1, the BDHI relative expression level was approximately
zero. The expression of BDH2 in a5-VB1 and a5-TB1 were 0.45-
and 0.72-fold that of a5. Compared with the parental a5 strain,
the level of BDH enzyme activity in the a5-VBI strain were
significantly improved. As shown in Figure 3, the specific activity
of BDH in the parental strain a5 at 25°C was 0.264 U/mg. The
activity of BDH in the recombinant a5-VB1 and a5-TB1 strains
was 1.32 and 0.027 U/mg, respectively. This result is consistent
with the transcription assay shown in Figure 2A. In our study,

TABLE 2 | The concentrations of TTMP and other metabolites produced by haploid strains.

Strains? TTMP (mg/L) Acetoin (mg/L) Diacetyl (mg/L) 2,3-Butanediol (mg/L)
ab 4.04£0.12 601.02 + 25.23 30.85 + 1.52 1,866.73 & 19.96
ab5-VI2 4.15+0.15 595.65 + 35.6 34.06 + 1.14 1,884.81 £+ 24.09
a5-VB1 3.06 £0.18 151.1 £ 14.56** 29.41 £ 1.59 2,702.16 £+ 37.43**
a5-TB1 7.85+0.12* 2,268.85 4+ 50.12** 34.89 + 2.55™ 422.28 £ 13.77*
ab-VB2 548 £ 0.12* 1,054.85 + 26.21** 27.16 £ 0.51* 1,5615.81 £21.92*
ab-TB2 412+0.13 504.38 + 13.83** 31.34+1.49 1,667.66 + 23.36"*
a5-D1B2 10.556 £ 0.2 2,934.58 4 48.57* 28.37 + 0.58™ 606.21 £ 15.43"

8Haploid strain: a5 (parental strain), a5-VI2 (ILV2 overexpression), a5-VB1 (BDH1 overexpression), a5-TB1 (BDH1 deletion), a5-VB2 (BDHZ2 overexpression), a5-TB2
(BDH2 deletion), and a5-D1B2 (BDH1 deletion and BDH2 overexpression). The strains were fermented by corn-semi-solid medium at 30°C for 4 days. Values are
means =+ standard deviations from at least three independent tests. Statistical significance is denoted as **P < 0.01 and *P < 0.05.

TABLE 3 | Fermentation Performances of recombinant strains.

Strains Weight loss of CO, (g)

Ethanol (%, v/v, 20°C)

Residual reducing sugars (g/100 mL)

Haploid strain

ab 23.3+0.2
ab-VI2 229+02
a5-VB1 23.0+03
ab-TB1 228+0.2
ab-VB2 23.1+£02
a5-TB2 228+03
a5-D1B2 229+0.3
Diploid strain

AY15 23.3+03
AY-B1 232+ 0.1
AY-SB1 23.1+04
AY-D1B2 23.4+£02
AY-SD1B2 23.1+03

1562+ 0.1 3.76 £0.18
149+ 0.1 3.87 £0.12
1656+ 0.1 3.87 £0.16
1562+ 0.1 3.92 £0.11
156.0+0.2 414 £0.15
16.4+0.2 3.71£0.18
151+ 0.1 3.86 + 0.12
16.4+0.2 317 £0.12
16.2+£0.1 3.28 £ 0.19
156.1+0.3 3.26 £0.16
16.6 +£0.2 2.63 £0.22
16.2+£0.1 3.06 + 0.14

The strains were fermented by corn-semi-solid medium at 30°C for 4 days. Values are means + standard deviations from at least three independent tests.
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FIGURE 2 | The relative expression levels of BDH1, BDH2, and ILV2. (A) The relative expression of BDHT in strain a5, a5-VB1, a5-TB1, a5-VB2, a5-TB2, and
a5-D1B2. (B) The relative expression of BDH2 in strain o5, a5-VB1, a5-TB1, a5-VB2, a5-TB2, and a5-D1B2. (C) The relative expression of /LV2 in strain a5 and
ab-VI2. Data represent the mean of three independent biological replicates. Error bars represent the SD of the average values. Statistical significance is denoted as
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the enzyme activity of BDH was almost reduced to zero after
knocking out the BDH]I gene. This indicates that the BDHI gene
is the main BDH encoding gene, which supports the conclusion
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FIGURE 3 | The specific activities of 2,3-butanediol dehydrogenase (BDH).
Data represent the mean of three independent biological replicates. Error bars
represent the SD of the average values. Statistical significance is denoted as
**P < 0.01 and *P < 0.05.

that the expression of BDH2 gene is not related to BDH activity
(Gonzélez et al., 2001, 2010).

In the present work, YALO60W gene was considered to
encode BDH, namely BDHI (Gonzalez et al., 2000, 2001). Many
subsequent reports focused on the regulating the production
of glycerin, isobutanol, and 2,3-butanediol in laboratory strain
of S. cerevisiae (Ehsani et al., 2009; Kim et al, 2014;
Wess et al., 2019). However, the Bdhlp activity of industrial
S. cerevisiae strain may be different from that of laboratory
strain. The results of Kuang et al. (2020) demonstrated that
the reduction of acetaldehyde, glycolaldehyde and furfural by
Bdhlp from industrial strain was better than that of Bdhlp
from laboratory strain. Therefore, we further deleted and
overexpressed BDHI gene in industrial strain o5, resulting in
strain a5-TB1 and «5-VBI1, respectively. The production of
acetoin indicates that the deletion of BDHI gene is beneficial
to the synthesis of acetoin. After knocking out the BDHI
gene, the relative expression level of the BDHI gene and
the enzyme activity of the BDH decreased, which resulted in
the pyruvate flux was successfully redirected toward acetoin
pathway (Bae et al., 2016). With the accumulation of acetoin,
the TTMP produced during the fermentation of Baijiu has
also increased, which is consistent with the previous research
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conclusions (Hao et al,, 2013; Zhang et al,, 2019; Zhong et al,,
2020).

Many reports have focused on reducing or eliminating the
production of glycerol and ethanol by knocking out the ADHI-5,
PDCI1, PDC5, GPD1, and GPD2 genes, which redirect metabolic
flux to 2,3-butanediol or acetoin for high-yield production
(Kim et al., 2013; Kim and Hahn, 2015; Bae et al., 2016).
However, although the content of acetoin in S. cerevisiae
strain with ADHI-5 gene deletion was increased, the yield
of ethanol was significantly reduced, which was unfavorable
for Baijiu fermentation. Moreover, the simultaneous knockout
of PDCI and PDC5 genes would affect the fermentation
performance of the engineered strain (Oud et al, 2012). In
addition, the introduction of acetoin biosynthetic pathway (ALS
and a-acetolactate decarboxylase) from Bacillus subtilis into
S. cerevisiae can also significantly increase the concentration of
acetoin (Kim and Hahn, 2015; Jia et al., 2017). However, the
insertion of heterogeneous genes may pose a hidden danger to
the safety of the strain (Gibson et al.,, 2018). Therefore, these
strategies are not suitable for the construction of high-yield
TTMP-producing Baijiu industrial strain.

Effects of BDH2 Deletion or
Overexpression on Production of TTMP

in Saccharomyces cerevisiae
The amino acid sequence of Bdh2p is 51% identical to that of
Bdhlp, but the effect of Bdh2p on the production of acetoin and
TTMP have not been reported yet. We determined the effect
of BDH2 overexpression or deletion on TTMP production in
S. cerevisiae. The concentration of TTMP in the a5-TB2 (BDH2
deletion) and a5-VB2 (BDH2 overexpression) strains was 4.12
and 5.48 mg/L, respectively (Table. 2). The recombinant strain
a5-TB2 yielded a 16.07% decrease in acetoin compared with the
initial a5 strain. Overexpression of the BDH2 gene increased the
production of acetoin by 1.75-fold compared with the original
strain. The production of 2,3-butanediol by the a5-TB2 and a5-
VB2 strains was 10.62 and 18.75% decrease compared to that
produced by a5, respectively. The deletion or overexpression of
BDH? gene did not have an impact on fermentation performance
in Baijiu fermentation (Table 3 and Supplementary Figure 1A).
The expression of BDH2 at the transcriptional level in a5-
TB2 and a5-VB2 was also measured by RT-qPCR. The BDH2
relative expression level in «o5-TB2 was approximately zero.
The expression of BDH2 in a5-VB2 was 15.84-fold higher than
that of a5 (Figure 2B). Under the control of PGKIp promoter,
the relative expression level of BDH2 gene was increased
significantly. Moreover, the BDH1 gene expression level and BDH
activity were detected in strains a5-TB2 and a5-VB2. As shown
in Figure 2A, the relative expression of the BDHI gene in the
recombinant a5-VB2 and a5-TB2 strains was 0.53- and 0.17-
fold that of a5. The BDH enzyme activity was also decreased
significantly. Obviously, the decrease of BDH enzyme activity of
strain a5-VB2 and a5-TB2 was closely related to the expression
level of BDH1 gene. This means that overexpression or deletion of
BDH? gene affected the transcription level of BDHI gene firstly,
and then decreased the enzyme activity of BDH. Therefore, the

enzyme activity of BDH depends on the transcription level of
BDHI gene, and has no obvious relationship with BDH2 gene.
Many recent reports focus on the use of BDHs gene to
regulate yeast tolerance to vanillin and acetaldehyde. Ishida
et al. (2017) found that BDH2 gene overexpression improved
the tolerance of S. cerevisiae to vanillin, and this effect was
stronger than that of overexpression of BDHI. In reduction of
acetaldehyde, the activities of Bdh2p were significantly higher
than Bdhlp (Kuang et al., 2020). However, few literatures have
reported that the overexpression of BDH2 gene can improve the
synthesis of acetoin and TTMP. In our study, we confirmed that
overexpression of BDH2 could reduce the content of diacetyl,
thereby increasing the production of acetoin and TTMP. As
shown in Figure 2, we found that knocking out or overexpressing
the BDH]I gene will reduce the expression level of the BDH2 gene.
Similarly, the expression level of BDHI gene was also reduced
to different degrees in BDH2 deletion or overexpression strains.
In the study of Gonzélez et al. (2010), the same phenomenon
occurred when the BDHI or BDH2 gene was deleted. Due to
the changes in the transcription level of BDHI and BDH2 genes,
the activity of BDH enzymes was also regulated to different
degrees. Based on these data, we speculate that there is a potential
association between the Bdh1p and Bdh2p in S. cerevisiae. But the
functions of Bdh1p and Bdh2p were different: Bdh1p was related
to the synthesis of 2,3-butanediol, while Bdh2p was related to
the synthesis of acetoin. Under the catalysis of Bdh2p, diacetyl
is converted into acetoin, increasing the concentration of TTMP.
Hence, the diacetyl content produced by the strain a5-VB2 was
lower than that of parental strain o5 and the yield of acetoin
increased by 1.74-fold. In contrast, the acetoin production was
decreased due to the deletion of BDH2 gene in the a5-TB2
strain. If the main enzyme that converts diacetyl to acetoin is
Bdhlp, then the content of acetoin should be increased, but this
is contrary to our experimental results. In our study, the acetoin
content produced by strain a5-VB1 (BDHI overexpression)
decreased by 74.85% compared with the strain o5, while the
production of 2,3-butanediol increased significantly. Therefore,
the main function of Bdhlp is related to the synthesis of 2,3-
butanediol. However, the specific mechanism between Bdh1p and
Bdh2p is still unclear and needs further research. It is the first
report that overexpression of the BDH2 gene can increase the
concentration of TTMP produced in Baijiu fermentation.

Increasing Production of TTMP by BDH1
Deletion and BDH2 Overexpression in

Saccharomyces cerevisiae

Based on the results of TTMP productions in the strains o5-
TB1, a5-VB1, a5-TB2, and a5-VB2, BDHI gene deletion and
BDH?2 gene overexpression may improve the content of TTMP.
Therefore, we constructed the recombinant strain a5-D1B2. The
constructed a5-D1B2 strain with a 4.88-fold increase in acetoin
production and a 2.63-fold increase in TTMP titer compared
to the parental strain (Table. 2). Owing to the combined action
of the BDHI deletion and BDH2 overexpression, the final
concentrations of diacetyl and 2,3-butanediol were markedly
decreased. The fermentation performance of the a5-D1B2
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strain was similar to that of parental strain (Table 3 and
Supplementary Figure 1A).

Due to the deletion of BDHI gene, the relative expression
level of BDHI was almost zero (Figure 2A). As shown in
Figure 2B, the expression of BDH2 in a5-D1B2 were 38.56-
fold that of a5. The expression level of BDH2 gene was higher
than that of single overexpression of BDH2 gene (strain a5-
VB2). It seems that the expression level of BDH2 gene is
influenced by BDHI gene, which confirmed our hypothesis
that the functions of Bdhlp and Bdh2p are closely related.
These changes demonstrated that the combination of BDHI
gene deletion and BDH2 gene overexpression could increase
the concentration of TTMP significantly, which was the most
effective strategy in this study.

No Influence of ILV2 Overexpression on
Production of TTMP in Saccharomyces

cerevisiae

In S. cerevisiae, a-acetolactate is decarboxylated into diacetyl
spontaneously. This means that the strategy of enhancing
the “a-acetolactate — diacetyl” pathway by genetic engineering
could not be used to increase the content of diacetyl. Since
pyruvate produced a-acetolactate under the catalysis of ALS, we
focused on enhancing this pathway to increase the content of
diacetyl (Espinosa-Cantd et al., 2018). In order to determine the
accumulation effect of increasing the expression level of ALS on
diacetyl production, thereby increasing the content of acetoin and
TTMP, we improved the catalytic reaction of the a-acetolactate
biosynthetic pathway by overexpressing the ILV2 gene, resulting
in strain a5-VI2. As shown in Table. 2, the diacetyl content in
the parental strain a5 and recombinant strain a5-VI2 was 30.85
and 34.06 mg/L, respectively. Except that the content of diacetyl
was slightly increased, no other metabolites were affected by
ILV2 overexpression. As shown in Table 3 and Supplementary
Figure 1A, the performances of strain a5-VI2 did not change
significantly in comparison to the parental strain a5.

The relative expression level of ILV2 gene was determined by
RT-PCR. As shown in Figure 2C, the relative expression level
of ILV2 was increased significantly, which was 8.21-fold higher
than that of the parental strain a5. As shown in Figure 4, the
specific activities of ALS in the a5 and a5-VI2 strains were 0.0111
and 0.0121 U/mg, respectively. The overexpression of ILV2 gene
had little effect on the activity of the ALS. Further promoting
of a-acetolactate biosynthesis by overexpressing ILV2 did not
significantly improve the concentration of TTMP.

During the fermentation of beer and wine, high concentration
of diacetyl was often considered to affect quality of alcoholic
beverages (Bartowsky and Henschke, 2004; Humia et al., 2019).
In previous studies, we tried to regulate the content of diacetyl
by controlling the expression level of ILV2 gene. Shi et al
(2016) reduced the diacetyl content during beer fermentation
by 17.83% by knocking out the ILV2 gene in brewer’s yeast
strain. Meanwhile, the content of diacetyl was decreased by
61.93% in recombinant brewer’s yeast, which deleting ILV2
gene and overexpressing acetohydroxyacid reductoisomerase
encoding gene ILV5 (Shi et al., 2017). These results indicated that
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FIGURE 4 | The activities of a-acetolactate synthase (ALS). Data represent
the mean of three independent biological replicates. Error bars represent the
SD of the average values.

the expression of ILV2 gene is related to diacetyl biosynthesis.
However, in this study, the biosynthesis of diacetyl needs to be
improved and then increased the content of acetoin.

The ILV2 gene overexpression slightly increased diacetyl
production, but had no significant influence on the content of
TTMP, acetoin, 2,3-butanediol. Although the expression level
of the ILV2 gene increased, it did not significantly affect the
activity of the ALS. It has been known that ALS consists of two
subunits, the catalytic subunit (Ilv2p) and the regulatory subunit
(Ilvép). A previous study revealed that Ilv2p activity is negatively
regulated by the regulatory subunit Ilv6, which may be one of
the reasons for affecting the enzyme activity of Ilv2p (Dasari and
Kolling, 2011; Takpho et al., 2018). Diacetyl production was also
regulated by the expression level of ILV6 gene. Li P. et al. (2018)
reduced the expression level of ILV6 gene in Saccharomyces
uvarum by 40% and then diacetyl production was reduced by
25.71%. In lager brewers’ yeast with single and double deletion
of ILV6, the ILV6 expression was reduced by 13% and 40%,
respectively, and the concentration of diacetyl was significantly
reduced. However, the enzyme activity of ALS had not been
significantly reduced, which was similar to our experimental
results (Duong et al., 2011). It has been reported that the ILV6
transcription level of native strain with high diacetyl production
is higher than that of native strain with low production (Gibson
et al., 2015). Meanwhile, overexpression of the ILV6 gene of
S. cerevisiae not only enhanced the content of diacetyl, but also
increased the transcription level of ILV2 gene. These results
suggest that an effective strategy to increase ALS enzyme activity
may be to simultaneously overexpress the genes encoding the
regulatory and catalytic subunits, which are ILV6 and ILV2 genes.

Moreover, the acetohydroxyacid reductoisomerase (Ilv5p)
catalyzes the degradation of a-acetolactate to produce dihydroxy
isovalerate, hence the content of diacetyl is also regulated by
Ilv5p (Omura, 2008; van Bergen et al.,, 2016; Shi et al., 2017).
In our study, the diacetyl content of strains overexpressing the
ILV2 gene was only slightly increased, which may be related
to the decomposition of a part of a-acetolactate by Ilv5p.
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Furthermore, the conversion of a-acetolactate to diacetyl is a
rate-limiting step in S. cerevisiae (Kim et al., 2017). This may
mean that a-acetolactate needs a large amount of accumulation
to significantly increase the concentration of diacetyl. However,
a-acetolactate is toxic to S. cerevisiae cells and affects the growth
performance of the strain (Park and Hahn, 2019). In addition,
too high content of diacetyl results in an unwanted buttery
flavor, the balance of Baijiu flavor will be broken and the quality
of Baijiu will also be decreased. In general, the strategy of
promoting the synthesis of acetoin and TTMP by excessively
increasing the content of diacetyl is not entirely ideal for Baijiu.
Therefore, it is necessary to precisely control the concentration
of a-acetolactate and diacetyl to maintain the balance between
diacetyl and Baijiu flavor.

Production of TTMP by Recombinant

Diploid Strains

The TTMP content of haploid strains a5-TB1 (BDH]I deletion)
and «5-D1B2 (BDHI deletion and BDH2 overexpression)
significantly increased compared with the parental strain o5.
In order to investigate the fermentation performance of the
strain during Baijiu brewing, four diploid strains (AY-BI,
AY-SB1, AY-D1B2, and AY-SD1B2) were constructed based
on strains a5-TB1 and a5-D1B2. The production of TTMP
and acetoin by diploid strains was investigated by simulating
alcohol fermentation experimentally. The data obtained by GC
and HPLC are shown in Table. 4. The content of TTMP
and acetoin in the parental AY15 strain were 3.29 and
581.13 mg/L, respectively. Compared to the AY15 strain, the
AY-B1 strain (BDHI single-allele-deletion diploid) yielded a
10.94 and 24.07% increase in TTMP and acetoin production,
respectively. The AY-SB1 strain (BDHI double-allele-deletion
diploid) yielded a 130.39% increase in TTMP and a 271.57%
increase in acetoin.

The diploid strain AY-D1B2 represents BDHI single-allele-
deletion and BDH2 single-allele-overexpression. The production
of TTMP and acetoin by the AY-D1B2 strain was 4.48 and
909.73 mg/L, respectively. Strain AY-D1B2 yielded a 36.17%
increase in TTMP and a 56.54% increase in acetoin. The diploid
strain AY-SD1B2 was BDHI double-allele-deletion and BDH2
double-allele-overexpression. The TTMP and acetoin content
represented a 2.87- and 4.97-fold increase compared to strain
AY15. As shown in Table. 3 and Supplementary Figure 1B,

the fermentation performance of the AY-B1, AY-SB1, AY-D1B2,
and AY-SD1B2 were similar to that of parental strain AY15. The
production of acetoin and TTMP produced by AY-SD1B2 was the
highest among the four diploid strains, while the double-allele-
deletion of BDH1 and the double-allele-overexpression of BDH2
had the greatest impact on acetoin and TTMP production. In
addition, regardless of whether this was the result of the deletion
or overexpression of BDHI and BDH2, the content of acetoin was
positively correlated with TTMP production.

Diploid strains of S. cerevisiae are widely used for fermentation
in the food industry, including bread making and wine brewing.
The diploid strain of S. cerevisiae is used as a stable source
of fermentation in Baijiu brewing. To ensure the fermentation
performance of the strain, it is necessary to hybridize the haploid
strains into diploid strains. Diploid strains AY-SB1 (BDHI
double-allele-deletion) and AY-SD1B2 (BDHI double-allele-
deletion and BDH2 double-allele-overexpression) were found
to produce high levels of acetoin, which resulted in increased
TTMP production. Moreover, compared with the original strain
AY15, there were no significant differences regarding the growth
curve, the fermentation performance, or the production of esters
or higher alcohols. It is worth noting that the BDHI double-
allele-deletion and BDH2 double-allele-overexpression were the
most efficient in terms of increased TTMP production. This
study provides an important reference for the application genetic
engineering to S. cerevisiae in order to increase the yield of TTMP
in Baijiu and other alcoholic beverages, thereby improving their
beneficial health attributes.

Production of Ester and Higher Alcohol

by Recombinant Diploid Strains

To analyze the effects of the modification of BDHI and
BDH2 genes on the flavor substances, we detected the
contents of esters and higher alcohols in diploid strains.
The production of ester and higher alcohol was detected as
a result of corn-semi-solid medium fermentation. As shown
in Figure 5, the production of ethyl acetate by the AY15,
AY-B1, AY-SB1, AY-D1B2, and AY-SD1B2 strains was 24.51,
19.44, 23.87, 27.98, and 24.92 mg/L, respectively. The AY-
DI1B2 strain showed a 23.71% decrease in the production of
2-phenylethanol. There were no significant changes in terms
of the content of other higher alcohols in the fermentation
samples of AY-B1, AY-SB1, AY-D1B2, and AY-SD1B2. These

TABLE 4 | The concentrations of TTMP and other metabolites produced by diploid strains.

Strains? TTMP (mg/L) Acetoin (mg/L) Diacetyl (mg/L) 2,3-Butanediol (mg/L)
AY15 3.29 + 0.1 581.13 £ 54.13 27.43 +1.36 1,825.34 £ 30.81
AY-B1 3.65+0.12 721.02 + 49.42* 29.14 +1.58 1,259.41 + 30.02**
AY-SB1 7.58 £ 0.17* 2,159.34 + 160.73** 37.32 £ 2.55* 620.55 + 16.23"*
AY-D1B2 4.48 + 0.1 909.72 + 96.89** 2862+ 1.5 1,868.59 + 28.72
AY-SD1B2 9.47 £ 0.21** 2,893.96 + 184.93** 35.52 + 2.47* 508.12 + 15.84**

aDiploid strain: AY-B1 (BDH1 single-allele-deletion), AY-SB1 (BDH1 double-allele-deletion), AY-D1B2 (BDH1 single-allele-deletion and BDH2 single-allele-overexpression),
and AY-SD1B2 (BDH1 double-allele-deletion and BDHZ2 double-allele-overexpression). The strains were fermented by corn-semi-solid medium at 30°C for 4 days. Values
are means =+ standard deviations from at least three independent tests. Statistical significance is denoted as **P < 0.01 and *P < 0.05.
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results indicated that the modification of BDHI and BDH2
did not affect the flavor substance content produced by the
diploid strain.

CONCLUSION

2,3,5,6-Tetramethylpyrazine is a type of pyrazine that has a nutty
aroma, and is a key flavor compound of Baijiu (Zhu et al,
2007). During Baijiu fermentation, acetoin is converted to TTMP
spontaneously rather than as an enzymatic reaction, which is one
of the reasons for the low TTMP content in Baijiu (Xiao et al,,
2014; Zhang et al., 2019). In this study, we focus on regulating the
expression levels of BDHI and BDH2 genes to control the content
of acetoin and TTMP. The results proved that knockout of BDH1
or overexpression of BDH2 can promote the synthesis of acetoin,
and then increase the concentration of TTMP. In our research,
knocking out BDHI and overexpressing BDH2 in S. cerevisiae
is the best strategy to increase the concentration of TTMP. It is
important that the fermentation performance and the content of
esters and higher alcohols produced by diploid strains (AY-B1,
AY-SB1, AY-D1B2, and AY-SD1B2) with high TTMP production
were not negatively affected. This study provides an important
reference for the application genetic engineering to S. cerevisiae in

order to increase the yield of TTMP in Baijiu and other alcoholic
beverages, thereby improving their beneficial health attributes.
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Kombucha is a slightly alcoholic beverage produced using sugared tea via fermentation
using the symbiotic culture of bacteria and yeast (SCOBY). This study aimed to optimize
the production of soursop kombucha and determine the effects of different storage
conditions on the quality, metabolites, and biological activity. The response surface
method (RSM) results demonstrated that the optimum production parameters were
300 ml soursop juice, 700 ml black tea, and 150 g sugar and 14 days fermentation
at 28°C. The storage conditions showed significant (P < 0.05) effects on the antioxidant
activity including the highest antioxidant activity for the sample stored for 14 days at
25°C in light and the highest total phenolic content (TPC) for the sample stored for
7 days at 4°C in the dark. No significant effects were observed on the antimicrobial
activity of soursop kombucha toward Escherichia coli and Staphylococcus aureus. The
microbial population was reduced from the average of 108 CFU/ml before the storage to
10* CFU/m after the storage at 4 and 25°C in dark and light conditions. The metabolites
profiling demonstrated significant decline for the sucrose, acetic acid, gluconic acid, and
ethanol, while glucose was significantly increased. The storage conditions for 21 days
at 25°C in the dark reduced 98% of ethanol content. The novel findings of this study
revealed that prolonged storage conditions have high potential to improve the quality,
metabolites content, biological activity, and the Halal status of soursop kombucha.

Keywords: antioxidant activity, Halal, fermented tea, beverages and biological samples, health promoting

INTRODUCTION

Kombucha is a slightly alcoholic beverage produced via the fermentation of sugared tea using
symbiotic culture of bacteria and yeast (SCOBY) for 7-21 days (Leal et al., 2018). Kombucha has
a slight sweet, sourly, and refreshing taste with high acceptability by the consumers worldwide
(Teoh et al., 2004). Several studies reported that kombucha demonstrated biological activities such
as antimicrobial, antioxidant, anticancer, antidiabetic, and anti-inflammatory activities (Villarreal-
soto et al.,, 2018; Gaggia et al., 2019; IvaniSova et al., 2019). The biological activity of kombucha
has strong interaction with the SCOBY that is also known as “tea fungus.” The SCOBY contains
symbiotic culture of yeast (Brettanomyces, Zygosaccharomyces, Saccharomyces, and Pichia) and
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acetic acid bacteria (Acetobacter xylinum) (Bellut et al., 2020).
The yeast’s role is mainly to hydrolyze the sugar (sucrose) in the
tea to glucose and fructose and convert it to ethanol, while the
bacteria utilize the ethanol to produce acetic acid (Kulshrestha
et al., 2013). The final product will have low pH and broad range
of bioactive compounds with different biological activities (Teoh
et al., 2004). Kombucha was reported as a rich source of different
metabolites including organic acids (acetic and glucuronic),
vitamins (B1, B2, and B12), and slight ethanol (Villarreal-Soto
et al., 2019). In addition, phenolic compounds were reported to
be found in black tea kombucha including gallic acid, caffeine,
rutin, quercetin, and catechin (Barbosa et al., 2020).

Kombucha is traditionally produced using black tea and table
sugar (sucrose) as the main ingredients. Thus, great numbers
of studies were carried out to modify the substrates by adding
fruit juices to enhance the biological activities and improve
the flavor profile (Akbarirad et al., 2017; Yavari et al., 2018).
Tropical fruit juices are rich in phenolic compounds and have
the potential to increase the phenolic compound content and
biological activities of fruit-based kombucha. In a recent study,
snake fruit juice kombucha was fermented for 14 days and
demonstrated high antidiabetic activity as determined in an
in vivo study (Zubaidah et al, 2019). In another study, apple
juice [150 ml/l (v/v)] was added to black tea to produce fruit-
based kombucha, and the result was a significantly higher total
phenol content compared to the control kombucha without
apple juice (Liamkaew et al, 2016). Watawana et al. (2015)
observed enhanced antioxidant activity and phenolic content
for a coffee beverage fermented using kombucha SCOBY. In
another study, kombucha SCOBY significantly enhanced the
antioxidant activity of coconut water fermented for 7 days
(Watawana et al., 2016). Soursop (Annona muricata L.) is an
exotic tropical fruit that is found abundantly in the Southeast Asia
region (Pinto et al.,, 2005). Soursop fruit is aromatic and juicy
and has white flesh, creamy texture, pleasant characteristic, and
sour taste (Lutchmedial et al., 2004). Soursop fruit was reported
as a rich source of bioactive compounds such as acetogenins,
alkaloids, and phenolic compounds (George et al., 2015). Ho et al.
(2020) produced an alcoholic beverage with strong antioxidant
activity using soursop juice and a combination of two starter
culture including mushroom (Pleurotus pulmonarius) and yeast
(Saccharomyces cerevisiae).

According to Villarreal-Soto et al. (2019), fermentation
process conditions have a significant impact on the bioactive
compounds in kombucha in relation to their biological activities.
Thus, the optimization of fermentation conditions is very critical
to produce kombucha that is rich in bioactive metabolites.
In addition, the storage conditions including time, light, and
duration can have a significant impact on the quality, metabolites,
and the biological activities of kombucha. To the best of the
authors’ knowledge, no studies were carried out to optimize the
production of soursop kombucha and determine the effects of
storage conditions on the final product. Therefore, the aim of
this was to optimize the production of soursop kombucha and
determine the effects of different storage conditions including
temperature, light, and time on the quality, metabolites, and
biological activities of soursop kombucha.

MATERIALS AND METHODS

Materials

Fresh and ripen soursop (Annona muricata L.) fruits were
purchased from NSK Trade City in Selayang, Selangor.
The kombucha starter culture was obtained from the Food
Bioprocessing Laboratory, Faculty of Food Science and
Technology, Universiti Putra Malaysia (UPM). Table refined
sugar of food grade was purchased from Gula Prai, Malayan
Sugar Manufacturing Co. Berhad, Malaysia, and black tea
from BOH, Malaysia.

Sample Preparation

The soursop fruits were washed under running tap water, peeled,
deseeded, and cut into small size cubes. The fruits (500 g)
were mixed (1:1, w/w) with water using a blender (Kenwood,
England) (Abbo et al., 2006). Black tea was prepared by adding
5 g of tea leaves in 1 I of boiling water and infused for 5 min.
The soursop juice was pasteurized at 65°C for 30 min. The
fruit and tea were mixed at different concentrations including
300:700, 500:500, and 700:300 ml (v/v). The mixtures were
added into sterile glass jar and sugar was added at different
concentrations including 50, 100, and 150 g/1 (w/v). The sugared
mixtures were inoculated with kombucha starter [1:10 (w/w)]
and incubated for 7, 14, and 21 days at 28 £ 2°C. Samples
of the soursop kombucha were collected at days 7, 14, and
21 to conduct analysis following a previous method (Zubaidah
et al, 2018). The optimum condition for the production
of soursop kombucha was based on parameters such as
antioxidant activity [2,2-diphenyl-1-picrylhydrazyl (DPPH) and
ferric reducing antioxidant power (FRAP)], antimicrobial activity
(Escherichia coli and Staphylococcus aureus), and microbiological
analysis [total plate count, yeast and mold, and availability
of lactic acid bacteria (LAB)]. Optimized soursop kombucha
was chosen for the storage study to determine the effects of
temperature (4 and 25°C) and dark and light conditions on the
physiochemical properties, metabolites, and biological activity
of soursop kombucha. Samples were collected at days 7, 14,
and 21 to carry out the different analyses. The samples were
prepared in triplicate and subjected to freeze drying for 48 h
(LaboGene, Denmark).

Physicochemical Properties

The pH was measured by a calibrated electric pH meter
(JENWAY 3505, Essex, England). The total soluble solids (TSS)
were measured using a refractometer (Atago N1, Tokyo, Japan).

Proton Nuclear Magnetic Resonance
Metabolomics Analysis

The soursop kombucha freeze-dried samples (10 mg) were mixed
with 0.375 ml of methanol-D4 and 0.375 ml of KH,PO, buffer
in DO (pH 6.0) containing 1% TSP as internal standard for
relative quantification of the identified metabolites. The mixture
was vortexed for 1 min and sonicated at 30°C for 15 min
in an ultra-sonicator (Branson, United States). The solution
was centrifuged at 13,000 rpm for 10 min, and 600 pl of
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supernatant was transferred to a nuclear magnetic resonance
tube for proton nuclear magnetic resonance (H-NMR) analysis
(Muhialdin et al., 2020b). Spectra were recorded at 25°C with
frequency of 500 MHz on a Varian Unity INOVA 500 MHz
Spectrometer (Varian Inc., CA). Each sample was subjected to 64
scans and recorded with an acquisition time of 193 s, with a pulse
width of 10 ppm and a relaxation delay of 1 s. The spectra were
automatically phased and bucketed using Chenomx software,
with standard bins of § 0.05 ranging from region § 0.50 to 10.00.
The analysis was required to remove residual methanol region (3
3.28-3.33) and water region (§ 4.70-4.96). Two-dimensional 'H-
'H J-resolved and was employed to identify metabolites. Partial
least square analysis (PLS) and principal component analysis
(PCA) were performed using SIMCA-P software (Umetrics AB,
Umea, Sweden).

Free Radical Scavenging (DPPH) Assay

The free radical scavenging activity of soursop kombucha was
evaluated by DPPH assay following the method done by Chu
and Chen (2006). The soursop kombucha (25 |L1) was mixed with
225 pl of 1 mmol/l DPPH solution in 96-well micro-titter plates
and incubated in the dark at room temperature for 30 min before
proceeding to the measurement of absorbance at 517 nm using
a spectrophotometer (Shimadzu, UVmini-1240, Tokyo, Japan).
The control was water and DPPH solution. The scavenging
capacity of soursop kombucha was calculated as follows:

Acontrol — Asample

Scanvenging activity (%) = x 100(1) (1)

Acontrol
whereas Apjgur was the control reading and Agyppe was
the sample reading.

Ferric Reducing Antioxidant Power
Assay

The antioxidant activity was measured by FRAP assay described
by Benzie and Szeto (1999). FRAP reagent was prepared by
mixing acetate buffer (300 mmol/l, pH 3.6), a solution of 10
UM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mmol/l HCI, and
20 mmol/l FeCl3 at 10:1:1 (v/v/v). The reagent (300 pl) and
kombucha (10 pl) were mixed thoroughly in 96-well micro-
titter plates and incubated in dark condition for 30 min, and the
absorbance was measured at 593 nm using a spectrophotometer
(Shimadzu, UVmini-1240, Tokyo, Japan). The standard curve
was prepared by ferrous sulfate solution (FeSO4-7H,0O) with the
range of concentration from 0.1 to 1.0 mmol/l. The FRAP reading
was expressed as mmol Fe(IT)/ml.

Total Phenolic Content (TPC)

The TPC of soursop kombucha was measured following a
previous method (Chu and Chen, 2006). Fermented soursop
kombucha (0.05 ml) was mixed to 2 ml of 2% sodium carbonate
and kept for 2 min. Folin-Ciocalteu reagent (0.1 ml) was
then mixed with the solution and incubated for 30 min in
the dark, and the absorbance was measured at 750 nm using
a spectrophotometer (Shimadzu, UVmini-1240, Tokyo, Japan).

The standard curve was plotted using gallic acid with the
concentration range of 0-100 mmol/l, and TPC-value was
expressed as g GAE/ml (Muhialdin et al., 2019).

Microbial Growth Inhibition

The antimicrobial activity of soursop kombucha samples was
evaluated against pathogenic bacteria including Escherichia
coli 0157:H7 and Staphylococcus aureus ATCC6538 using the
microtiter plate assay (Muhialdin et al., 2020b). The sample
(100 pl) was pipetted into the wells of microtiter plates and
mixed with 100 pl of nutrient broth containing 10° CFU/ml.
The nutrient broth (200 pl) containing the tested bacteria was
pipetted into the wells of microtiter plates as control. The plates
were incubated at 37°C for 24 h. The growth of inhibition
of targeted bacteria was measured at ODggo using the BioTek
EL x 800 ELISA reader. The percentage growth of E. coli and
S. aureus was calculated according to the following formula:

inhibition%
(24h negative control — 24h negative control)
—(24h sample — Oh sample)

= x 100 2
Oh negative conrtrol @

Microbial Load Evaluation

Total plate counts of the soursop kombucha samples were
done using the standard plate count procedure according
to the Bacteriological Analytical Manual-Food and Drug
Administration (BAM-FDA) protocol (Maturin and Peeler,
2001). Briefly, 1 ml of the samples was mixed with 9 ml of
sterile 0.1% peptone water (10~! dilution) followed by serial
dilutions 1072-107%. A total of 100 wl of each dilution was
inoculated into Plate Count Agar (PCA) (Merck, United States)
and spread evenly using a sterile plate spreader. The agar dishes
were incubated at 37°C for 24 h and then the colonies were
counted and reported as colony-forming units/ml (CFU/ml).

Yeast and mold counts of the kombucha samples were done
using the standard plate count procedure according to the BAM-
FDA protocol (Maturin and Peeler, 2001) following the previous
procedure: 100 pl of each dilution was inoculated into Malt
Extract Agar (Oxoid) and spread evenly using a sterile plate
spreader. The Petri dishes were incubated at 30°C for 72 h and
then the colonies of yeast and mold were counted and reported as
colony-forming units/ml (CFU/ml).

LAB count in the soursop kombucha samples was done
following the standard according to the BAM-FDA protocol
(Maturin and Peeler, 2001). Each dilution (100 1) was inoculated
into Petri dishes with De Man, Rogosa, and Sharpe (MRS) agar
(Merck, United Kingdom) and spread evenly using a sterile plate
spreader. The Petri dishes were incubated upside down at 37°C
for 48 h in anaerobic jar, and the colonies were counted and
reported as colony-forming units/ml (CFU/ml).
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Data Processing and One-Way Analysis

of Variance Data Analysis

The data was analyzed using Minitab version 17 (Minitab,
Inc., United States). The statistical differences between the
samples and controls were evaluated by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison to
identify significant differences (P < 0.05) among means
for all samples. Results were shown as the mean of three
triplicates &= SD.

RESULTS AND DISCUSSION

Optimization of Soursop Kombucha
Production

The response surface method (RSM) was carried out for 15 run
orders, and the response was based on the microbial growth
inhibition percentage against Escherichia coli and Staphylococcus
aureus, DPPH, and FRAP for the different soursop kombuchas
at different concentrations of fruit and sugar and storage time
(Table 1). The predicted optimized conditions for soursop
kombucha fermentation were found to be 300 ml soursop
juice, 700 ml black tea, and 150 g sugar and 14 days
fermentation at 28°C (Figure 1). The predicted conditions
were validated, and no significant differences were observed
between the actual and predicted conditions. The optimum
conditions were applied to prepare the samples for the effect
of storage study.

TH-NMR Identification for Metabolites
Changes

The sucrose concentration was significantly (P < 0.05) reduced
from day 7 until day 21 of storage at different conditions
(Table 2). In comparison, fructose and glucose concentrations
significantly increased in correlation with the storage time.
The observed fructose and glucose changes were due to the

breakdown of sucrose by the bacteria and yeasts in the soursop
kombucha into monosaccharides. Villarreal-soto et al. (2018)
reported that sucrose is hydrolyzed into glucose and fructose
during the fermentation due to the enzymatic activity of
different microorganisms including yeast and bacteria. The
hydrolysis is catalyzed by the enzyme invertase secreted from
yeasts and bacteria into the fermentation substrates (Rasu
Jayabalan et al., 2014). However, fructose concentration was
significantly lower compared to glucose at all the storage
conditions (Table 2). The difference is may be due to the
preference of the yeast cells to rapidly utilize fructose as source
of energy (Neffe-skocinska et al., 2017). In this study, the
sugar concentration changes are mainly due to the activity
of the soursop kombucha microorganisms that originated
from the SCOBY that was used for the fermentation process
(Leal et al., 2018).

On the other hand, acetic acid, malic acid, and gluconic acid
were all present in soursop kombucha (Table 2). A previous
study reported that the chemical compositions in kombucha
include organic acids such as acetic acid, malic acid, and
gluconic acid (Ramachandran et al., 2006). Acetic acid in soursop
kombucha samples increased from days 7 to 21 for samples
stored under room temperature. The increased content is due to
the presence of Acetobacter bacteria in the soursop kombucha
samples that produce acetic acid. Acetic acid bacteria are the
dominant aerobic microorganisms in kombucha that utilize
alcohol as substrate to produce acetic acid. In the presence of
oxygen, acetic acid bacteria have the ability to keep producing
acetic acid in the soursop kombucha beverage (Villarreal-
soto et al., 2018). Cvetkovi¢ et al. (2008) reported that acetic
acid bacteria function to produce a new cellulose layer and
metabolize ethanol to produce organic acids. Acetaldehyde is
converted into ethanol, whereas acetaldehyde hydrate is being
converted into acetic acid facilitated by the enzyme acetaldehyde
dehydrogenase (Jayabalan et al., 2007). On the other hand,
malic acid content was stable in all soursop kombucha along
the storage period at different conditions. Malic acid is one

TABLE 1 | Response surface methodology (RSM) of soursop kombucha at different concentrations of fruit and sugar and fermentation times.

Nos. Fruit (%) Sugar (%) Time (days) E. coli inhibition (%) S. aureus inhibition (%) DPPH (%) FRAP [mmol Fe(ll)/mL]
1 70 10 7 0 0 63.92 358.03
2 50 15 7 0 0 66.11 355.11
3 30 15 14 68.8 69.74 68.68 372.75
4 70 15 14 0 0 60.32 357.05
5 50 10 14 82.09 79.38 72.86 352.05
6 30 5 14 7714 74.85 77.04 344.83
7 50 5 7 78.52 78.13 67.35 349.97
8 70 5 14 0 0 64.33 348.72
9 30 10 21 0 78.8 77.91 358.02
10 50 5 21 0 0 69.05 384.41
iR 70 10 21 0 0 71.65 352.75
12 50 15 21 0 0 74.79 337.05
13 50 10 14 0 0 70.87 344.41
14 30 10 7 75.44 70.52 81.05 373.02
15 50 10 14 50.08 60.78 80.7 357.33
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FIGURE 1 | Response surface methodology (RSM) results of optimized
conditions to produce soursop kombucha.

of the dominant organic acids that can be found commonly
in kombucha (Jayabalan et al., 2007). In addition, gluconic
acid concentration decreased in correlation to the storage
period from 0 h to day 21. Gluconic acid is produced by
Gluconobacter bacteria which prefer the utilization of glucose
during fermentation (Rasu Jayabalan et al., 2014). In another
study, Komagataeibacter xylinus was reported as the dominant

species in Acetobacter that acts to oxidize glucose to gluconic
acid (Villarreal-soto et al., 2018). Gluconic acid is one of the
healthy promoting metabolites found in kombucha made up of
sucrose and black tea under optimized fermenting conditions
(Chen and Liu, 2000; Malbasa et al., 2002; Jayabalan et al,
2007). Gluconic acid is converted to 2-ketogluconate and finally
to 2,5-diketogluconic acid during oxidation by gluconic acid
dehydrogenase and 2-ketogluconate dehydrogenase enzymes,
respectively (Ramachandran et al., 2006).

The ethanol concentration in soursop kombucha samples
gradually declined from 0 h until day 21 (Table 2). The
sample at 0 h showed the highest ethanol concentration of
3.284 mmol/l, whereas the sample 2IRD stored for 21 days
at room temperature in the dark showed the lowest ethanol
concentration (0.062 mmol/l) (Figure 2). Ethanol is produced
by the yeast in kombucha from the sugar substrates via the
glycolysis pathway, as sucrose is hydrolyzed into glucose and
fructose and catalyzed by an enzyme secreted by yeasts. Ethanol
produced during the fermentation process can be converted into
acetic acid by acetic acid bacteria (Villarreal-soto et al., 2018).
Acetic acid bacteria will then reduce the ethanol concentration
via utilizing ethanol as source of carbon (Battikh et al., 2012).
The observed reduction in the ethanol content indicated that
different storage conditions can improve the quality of soursop
kombucha for the concerned religious consumers. Beverages
containing high ethanol concentrations are called non-Halal
according to the Islamic regulations, as ethanol is limited
to less than 1% (Alzeer and Abou Hadeed, 2016). The best
storage conditions to decrease ethanol were 21 days, room
temperature, and in dark storage. These storage conditions
are recommended in this study to reduce ethanol content for
Muslim consumers.

Antioxidant Activities
Bioactive compounds present in fermented foods and beverages
have the key role for the antioxidant activity. The soursop

TABLE 2 | The effect of different storage conditions on the major metabolite changes of soursop kombucha samples and their concentration (mmol/l) as determined

using "H-NMR metabolomics-based analysis.

Sample Sucrose § Fructose § Glucose & Acetic acid & Malic acid § Gluconic acid Ethanol § 1.17
5.40 (d) 3.823 (m) 4.58 (d) 1.98 (s) 2.7 (d) 34.18 (d) (t)
Control (0 h) 11.51 21.01 4.60 0.33 0.13 6.59 3.28
7RL 1.01 13.39 13.05 0.15 0.12 1.1 1.02
7RD 1.12 13.67 17.21 0.11 0.12 1.00 1.00
7CL 1.06 13.77 16.19 0.16 0.10 1.18 1.04
7CD 1.16 13.90 18.70 0.22 0.12 1.13 1.02
14RL 0.81 14.43 19.65 0.23 0.12 0.90 1.07
14RD 0.81 18.12 20.61 0.34 0.13 1.03 1.95
14CL 1.00 16.37 20.62 0.18 0.12 1.19 0.45
14CD 1.05 17.04 20.47 0.23 0.13 117 0.67
21RL 0.54 16.29 25.92 0.64 0.11 0.66 0.14
21RD 0.19 15.86 25.56 0.63 0.11 0.28 0.06
21CL 0.01 15.31 24.41 0.07 0.12 0.70 0.37
21CD 0.01 15.156 238.07 0.07 0.11 0.71 0.26

7, 14, and 21 days are storage times.R, room temperature; C, chilled temperature; L, light condition,; D, dark condition.
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TABLE 3 | The antioxidant activity measured using DPPH, FRAP, and TPC assays

of soursop kombucha during the storage at different conditions.

Sample DPPH (%) FRAP [mmol Fe(ll)/ml] TPC (rg GAE/mL)
7RL 89.12 4 0.042P 430.25 =+ 0.022 39.55 + 0.25°
7RD 88.46 + 0.04% 424,56 + 0.012 41.99 + 0.1280¢
7CL 87.56 + 0.03% 410.67 + 0.012 46.94 +0.072
7CD 89.22 + 0.032P 414.83 4 0.012 46.96 + 0.072
14RL 90.76 + 0.012 429.83 + 0.012 37.90 + 0.07°
14RD 88.98 + 0.01aP 42511 + 0.022 37.97 £ 0.08°
14CL 88.88 + 0.022P 419.00 + 0.012 39.14 + 0.06°°
14CD 87.98 + 0.032P 434.69 + 0.002 38.81 4+ 0.10°
21RL 86.12 + 0.028° 422.89 + 0.002 42.21 4 0.1180¢
21RD 85.71 4 0.02° 420.67 + 0.012 43.07 + 0.1520°
21CL 87.15 + 0.022P 419.14 4+ 0.012 41.69 + 0.1320°
21CD 86.02 + 0.03%° 432.80 =+ 0.042 45.56 +0.13%

Data are expressed as mean + SD of three replicates (n = 4). Means with different

superscript letters in columns show significant difference using Tukey's test (P < 0.05)

for different storage conditions. 7, 14, and 21 days are storage times.R, room temperature; C, chilled temperature; L, light condition; D, dark condition.

kombucha exhibited good antioxidant activity at all the storage
conditions for days 7, 14, and 21 (Table 3). The scavenging ability
of DPPH for soursop kombucha declined in the following order:
14RL > 7CD > 7RL > 14RD > 14CL > 7RD > 14CD > 7CL

> 21CL > 21RL > 21CD > 21RD. Soursop kombucha stored
for 14 days at room temperature and exposed to light conditions
(14RL) exhibited the highest antioxidant activity (90.76%), while
21 days at room temperature and dark conditions (21RD) showed

the lowest antioxidant activity (85.71%). The results did not
show any significant differences in DPPH radical scavenging
assay (P > 0.05). The DPPH inhibition percentage was 90%
and above which indicates high antioxidant activity exhibited
by soursop kombucha at all the storage conditions. The SCOBY
plays an important role in affecting the composition of the
produced kombucha due to the unique microflora present in
different SCOBY (Chen and Liu, 2000). Another study reported
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that the utilization of different SCOBY as starter in kombucha
resulted in variable antioxidant activities (Malbasa et al., 2011).
The findings of this study agree with the previous studies as
modifying the conditions showed significant impact on the
antioxidant activity.

The sample 14CD showed the highest FRAP-value of
434.69 1l GAE/ml, while 7CL has the lowest FRAP-value of
410.67 £ 0.013 mmol Fe(II)/ml (Table 3). The result showed that
the prolonged storage has no significant effects on the FRAP-
values (P > 0.05) (Table 3). However, the results revealed that
all soursop kombuchas have high antioxidant properties as the
results expressed high ferric reducing antioxidant power, with a
range of 410.67-434.69 mmol Fe(II)/ml. The results of the FRAP
assay are based on reducing Fe** in ferric-tripyridyltriazine to
Fe?*, and it is commonly used to evaluate antioxidant activity
(Kim et al., 2013). A previous study reported that the lipophilic
antioxidant is the main antioxidant compounds in soursop pulp
with hydrogen donation as the mechanism of action (Gordillo
et al., 2012). The strong antioxidant activity may be a result of
the bioactive metabolites from soursop juice that contributed
to the antioxidant property of soursop kombucha. The results
showed that the soursop kombucha stored at different conditions
had different TPC concentrations. In comparison to all samples,
TPC in sample 7CD was the highest measuring at 46.96 pg
GAE/ml. There was only a slight difference observed between
the samples. The result showed no significant changes in the
TPC (P > 0.05). Phenolic compounds perform antioxidant
activity and are recognized for their function in reducing free
radical activity and oxidative stress. Yeasts and bacteria in
SCOBY produce an enzyme that acts in the conversion of
polyphenolic complex into simpler phenolic components. The
increased phenol content could be due to biotransformation that
modifies a specific functional group into composing substances
facilitated by enzymes. Enzymes are used in biotransformation to
escalate specific biological activities (Srihari and Satyanarayana,
2012). Bhanja et al. (2009) reported phenol as one of the organic
compounds that has a strong correlation to the antioxidant
activity: the greater the amount of phenols being produced
during fermentation as metabolites, the greater is the antioxidant
activity. In a previous study, prolonged fermentation periods
increased the TPC and antioxidant activity with no effects on the
pH-value and the sensory characteristics (Muhialdin et al., 2019).

Antimicrobial Activity

The highest percentages of microbial growth inhibition against
E. coliand S. aureus were 99.83 and 100.00% (Table 4). The results
showed that storage conditions have no significant (P > 0.05)
effects on the antimicrobial activity of soursop kombucha.
The results indicated the stability of the strong antimicrobial
activity of soursop kombucha at prolonged storage due to
the presence of organic acids (Muhialdin et al., 2020a). In a
previous study, kombucha demonstrated antibacterial activity
toward a broad range of pathogens due to the presence of
organic acids (Greenwalt et al., 1998). The results of this
study showed similar findings as acetic acid was found at high
concentrations in the soursop kombucha. Acetic acid has the
ability to penetrate into gram-positive bacteria cells more easily

TABLE 4 | The effects of different storage conditions on the antimicrobial activity
of soursop kombucha toward Escherichia coli and Staphylococcus aureus
expressed as growth inhibition percentage.

Microbial growth inhibition (%)

Samples Escherichia coli Staphylococcus aureus
7RL 99.83 4+ 0.002 98.41 + 0.00
7RD 99.57 4+ 0.002 98.14 + 0.00%
7CL 99.65 + 0.002 98.76 + 0.002
7CD 99.91 4+ 0.002 99.56 =+ 0.00°°
14RL 98.96 4+ 0.032 99.65 =+ 0.02°
14RD 99.57 4+ 0.002 98.58 =+ 0.00¢
14CL 95.66 + 0.002 100.00 £ 0.002
14CD 99.74 + 0.002 98.58 + 0.00%f
21RL 99.13 £+ 0.002 98.14 + 0.00°°
21RD 99.57 4+ 0.002 98.50 + 0.00°
21CL 99.13 4+ 0.002 97.70 + 0.00°
21CD 98.78 + 0.010° 97.70 + 0.001°

Data are expressed as mean + SD of three replicates (n = 4). Means with
different superscript letters in columns show significant difference using Tukey’s
test (P < 0.05) for different storage conditions. 7, 14, and 21 days are storage
periods.R, room temperature; C, chilled temperature; L, light condition; D, dark
condition.

than gram-negative bacteria due to its lipophilic characteristics
(Naidu, 2000). Protons are released when acetic acid undergoes
disassociation, and this causes the increment in acidity. The
cell membrane function of targeted bacteria will be disrupted
once the contact is established with the protons. Acetic acid
denatures enzyme activity and disrupts the permeability of the
cell membrane. Acetic acid in soursop kombucha is therefore
affecting the antimicrobial activity of this fermented beverage.
Dufresne and Farnworth (2000) observed that ethanol and acetic
acid contents inhibit the growth of pathogens and are related
with antimicrobial activity in their study. In another study, the
antimicrobial activity of kombucha was reported against Candida
spp. as compared with the common black tea that showed low
antimicrobial activity (Battikh et al., 2012).

Microbiological Analysis

The microbial load for soursop kombucha was determined for
the total plate count, yeast, and LAB counts (Table 5). The results
showed that all microorganisms were decreasing during the
21 days of storage for all the conditions. According to Fifteenth
schedule, Regulation 39 on the Microbiological Standard in
Food Regulation 1985, the maximum level of total plate count
has to be at or less than 10°/ml for ready-to-eat foods and
beverages. The results showed that the aerobic bacteria count
significantly declined from 7 (2.98 x 10° CFU/ml) to 21 days
(2.80 x 10* CFU/ml). The result indicated that prolonged storage
can enhance the safety of the soursop kombucha. The microbial
load declined to 10° after storage for 14 days which is highly safe
for the consumers. The reduction of the aerobic bacteria could
be due to the high acidic environment and the depletion of the
nutrients. Watawana et al. (2015) reported that the increased
acidity during storage of fermented beverages reduces oxygen
content and the number of aerobic bacteria viable cells. The
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TABLE 5 | The effect of different storage conditions on the microbiological load in the soursop kombucha.

Soursop kombucha Total plate count (CFU/ml) Yeast count (CFU/ml) Lactic acid bacteria count (CFU/ml)
7RL 2.24 x 108 2.91 x 10° 1.39 x 108
7RD 2.98 x 100 2.04 x 108 2.12 x 108
7CL 2.61 x 10° 9.80 x 10° 4.00 x 10°
7CD 2.90 x 10° 9.10 x 10° 2.20 x 10°
14RL 1.35 x 10° 410 x 10° 2.90 x 10°
14RD 1.18 x 10° 1.50 x 10° 1.20 x 10°
140L 1.30 x 10° 1.20 x 10° 2.40 x 10°
14CD 2.95 x 10° 3.60 x 10° 4.60 x 10°
21RL 2.80 x 10* 3.70 x 10* 3.40 x 10*
21RD 7.20 x 10* 1.63 x 10° 1.03 x 10°
21CL 9.30 x 10* 6.30 x 10* 3.70 x 10*
21CD 1.20 x 10° 1.59 x 10° 1.59 x 10°

Data are expressed as mean + SD of three replicates (n = 4). Means with diifferent superscript letters in columns show significant difference using Tukey'’s test (P < 0.05) for
different storage conditions. 7, 14, and 21 days are storage times.R, room temperature, C, chilled temperature, L, light condition; D, dark condition; CFU, colony-forming

unit.

results of this study agreed with the previous study, and the
pH of the soursop kombucha declined during the prolonged
storage. The count for yeast was decreasing during the storage
period, significantly for the samples exposed to light at room
temperature for 21 days storage (Table 5). The reduction in
yeast count could be due to the reduction in sugar concentration
that is required for yeast growth and cell production. Abbo
et al. (2006) reported that low sugar concentration, low pH,
and storage at 28°C limited the growth of yeast in soursop
juice. The effects of light exposure and storage temperature
exhibited unexpected effects on the availability of LAB cells.
The exposure to light significantly reduced the cell count for
the LAB to 3.40 x 10* at room temperature and 3.70 x 10*
at chilled temperature. According to Trisnawita et al. (2018),
the storage condition at chilled temperature (4°C) showed no
significant effects on the LAB cells after prolonged storage for
28 days. Thus, the availability of LAB significantly declined
at 28°C for 28 days. In another study, a beverage containing
LAB stored at 25°C showed significant reduction in the LAB
cell count (Begum et al, 2015). The reduction of LAB cell
count in beverages was attributed to several reasons including
dehydration of cells, high water activity, low pH-value, and
depletion of the nutrients in the substrate (Trisnawita et al.,
2018). Nevertheless, the LAB cell count showed no strong
interaction with storage temperature, but an interaction was
observed for light exposure.

CONCLUSION

This is the first study to develop and optimize the production
of soursop kombucha. The developed beverage showed strong
antioxidant and antimicrobial activities and high phenolic
content. The different storage conditions demonstrated slight
effects on the biological activities and significant effects on the
metabolites of the soursop kombucha. Sucrose was significantly
declined and glucose was significantly increased. The storage of
soursop kombucha for 21 days at room temperature in dark
conditions degraded 98% of the ethanol content. The microbial

load for aerobic and anaerobic bacteria and yeast showed
significant decline and high interaction with light exposure.
The results revealed that prolonged storage for 21 days has
high potential to improve the quality and metabolite content
for soursop kombucha. Moreover, storing soursop kombucha
for 21 days at room temperature with dark conditions can
significantly improve the Halal status for consumers with
religious concerns and allergies to alcohols. Further study is
highly recommended to determine the consumer preference and
acceptability for commercialization of soursop kombucha.
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To investigate the effect of yeasts on Kazak cheese quality and flavor, three isolated
yeasts (Kluyveromyces marxianus A2, Pichia kudriavzevii A11, and Pichia fermentans
A19) were used to ferment cheeses and designated as StC, LhC, and WcC, respectively.
The cheese fermented with a commercial lactic acid starter without adding yeast was
used as control named LrC. The results showed that the texture of cheese added with
yeasts were more brittle. K. marxianus A2 contributed to the formation of free amino
acids and organic acids, especially glutamate and lactic acid. Moreover, K. marxianus
A2 provides cheese with onion, oily, and floral aromas. Furthermore, P. kudriavzevii A11
promotes a strong brandy, herbaceous, and onion flavor. Although no significant aroma
change was observed in PfC, it promoted the production of acetic acid, isoamyl acetate,
and phenethyl acetate. These results indicate that yeasts are important auxiliary starters
for cheese production.

Keywords: Kazak cheese, yeasts, physicochemical indicators, volatile compounds, flavor

INTRODUCTION

Xinjiang is a multiethnic region in China. The Kazakhs, one of the primary minority nationalities
in Xinjiang of China, produce Kazak cheeses with a unique craftsmanship (Zheng et al., 2018b).
Kazak cheese is prepared from raw cow’s milk without adding an exogenous lactic acid bacteria
(LAB) starter during the traditional production process, which can be identified with several stages:
boiling, milk fermentation in goatskin bags, dehydration, shaping, and after-ripening (Zheng et al.,
2018b, 2020). Furthermore, milk is believed to contain a large number of microorganisms, such as
Lactococcus, Staphylococcus, Corynebacterium, Brevibacterium, Clostridiisalibacter, Saccharomyces,
Trichosporon, and Kluyveromyces (Sun et al., 2014; Ryssel et al., 2015). The process with diverse
and dynamic conditions led to the diversity of microorganism types. Some microorganisms with
probiotic characteristics are preserved in ripened Kazak cheese (Zheng et al., 2018a). In the
Kazakh diet, cheeses act as an excellent carrier for viable probiotic microorganisms and provide
high levels of vitamins, calcium, oligosaccharides, and iron, compared with yogurt, milk powder,
and condensed milk.

Lactic acid bacteria, such as Lactobacillus and Lactococcus, are identified as the main bacterial
genera in the cheese fermentation process (Gao et al., 2017). During Kazak cheese making, milk is
spontaneously fermented in a goatskin bag at room temperature (approximately 30°C) for 15 days,
producing a high concentration of lactic acid (Zheng et al., 2018b). The increased lactic acid
promotes a low pH value. The casein micelles demineralize to coagulate when the pH reaches the
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isoelectric point of casein (Fox et al., 2017; Kamimura et al.,
2019). Recent studies have shown that except for LAB, a
large number of yeasts also play an important role in cheese
fermentation (Yuvasen et al., 2018), such as Pichia kudriavzevii,
Kluyveromyces marxianus, and K. lactis in Kazak artisanal
cheese (Zheng et al., 2018a); Yarrowia lipolytica, Debaryomyces
hansenii, and P. fermentans in artisanal short-ripened Galician
cheeses (Atanassova et al., 2016); and Torulaspora delbrueckii
and Saccharomyces cerevisiae in traditional Serbian cheeses
(Zivkovic et al., 2015). It is believed that the LAB that become
dominant during cheese fermentation originate from milk
(Paxson, 2008), whereas yeasts are primarily derived from the
storage environment and the fermentation process (Gongalves
Dos Santos et al., 2017). One study showed that P. kudriavzevii,
K. marxianus, and K. lactis, which could provide a unique
flavor to Kazak cheese, may originate from the environment,
such as the milking, curd, storage, and ripening environment
(Zheng et al., 2018b).

Yeasts exist in various fermented food because of their ability
to adapt to low pH, high salt concentration, and low temperature
storage conditions during milk fermentation (Chaveslopez et al.,
2012). Besides, some yeasts can inhibit the growth of some
enteric pathogens. For example, K. lactis, and K. marxianus,
isolated from the Tomme d'orchie French cheese are able to
inhibit the growth of Listeria monocytogenes, Candida albicans,
and some Bacillus spp. (Ceugniez et al., 2015). During cheese
fermentation, some yeasts, such as D. hansenii, S. cerevisiae,
and Y. lipolytica, are beneficial to enhance the nutrition of
cheese by releasing proteases, lipases, or B-galactosidases to
convert proteins, lipids, and lactose of milk into small molecules
(amino acids, fatty acids, and organic acids; Akpmar et al,
2011; Goli¢ et al., 2013; Cardoso et al., 2015). Furthermore,
Y. lipolytica, K. lactis, and D. hansenii also contribute to the
formation of the texture and unique flavor of cheese by producing
high concentrations of methyl ketone, butanoic acid, branched
chain aldehydes, acetaldehyde, ethanol, and acetic acid esters
(Atanassova et al., 2016; Juan et al., 2016). K. lactis also produce
high levels of acetaldehyde, ethanol, branched chain aldehydes
and alcohols, and acetic acid esters, which are the primary
components of aroma and flavor in acid curd Cebreiro cheese
(Atanassova et al., 2016).

Currently, flavors (Bergamaschi and Bittante, 2018),
microorganisms (Yunita and Dodd, 2018; Yuvagen et al., 2018),
and their relationships (Bezerra et al., 2017; van Mastrigt et al.,
2018) in cheese have become a research hotspot due to cheese
providing excellent nutritional value with high digestibility and
low allergenic potential (Bezerra et al., 2017). However, there is
little research focusing on contribution of yeast to cheese flavors.
In this study, to investigate the contribution of yeast to cheese
flavor and quality, three yeasts, isolated from traditional Kazak
cheese with protease, lipase, or p-galactosidase activity, were used
to ferment cheese through co-fermentation with a commercial
LAB starter. The physicochemical characteristics, free amino
acids (FAAs), organic acids, texture, and volatile aromatic
compounds in the ripened cheeses were investigated. The
results will lay the theoretical foundation for the improvement
of cheese flavor.

MATERIALS AND METHODS

Isolation and Identification of Yeasts in

Kazak Cheese

A total of 28 mature Kazak cheese samples were collected from
local ethnic minority farmhouses in Xinjiang: Mulei regions (5
cheese), Yili (5), Altay (5), Balikun (5), and Tacheng (8) and
stored at 4°C before the separation operation. The isolation
method of yeasts was conducted as described by Zheng et al.
(2018b) with some modification. First, 5 g cheese and 50 ml
of sterile 0.9% sodium chloride solution were mixed and
then homogenized in a rotary shaker (ZWYR-C2402; Shanghai
Zhicheng Co., Ltd., Shanghai, China) for 30 min at 28°C. After
being serially diluted, 100 1 of the corresponding dilutions was
added to YPD (1% yeast extract, 2% peptone, and 2% glucose,
2% agar) agar-solidified medium (in triplicate) and then placed
in a 28°C incubator (LRH-70; Shanghai Yiheng Technology Co.,
Ltd., Shanghai, China) to cultivate for 24 h. Single colonies were
purified and stored in YPD broth with 30% glycerol at —20°C.
Strains were identified by comparing sequences in the GenBank
database’.

Screening of Yeasts With Protease,

Lipase, or f-Galactosidase Activities
According to the method described by Ozturkoglu-Budak et al.
(2016), strains with protease activity can produce opaque
hydrolyzed circles on YPD agar medium containing 2% skim
milk. Quantitative measurements of protease activity were based
on the method described by Mageswari et al. (2017) with
modifications. First, 100 1 cell-free supernatants were mixed
with 100 pl of 1% casein, which was dissolved in a 50 mM
borax-NaOH buffer solution (pH 10) and incubated at 40°C for
10 min. The reaction was stopped by adding 200 pl of 0.4 M
trichloroacetic acid. A blank control sample was also prepared by
adding trichloroacetic acid before adding the enzyme solution.
The test and blank solution were then centrifuged at 8,000 rpm
for 5 min, after which 100 1 of filtrate was mixed with 500 l
0.4 M Na,CO3 solution and 100 pl Folin-Ciocalteu reagent,
and incubated at 40°C for 20 min. Finally, the absorbance was
measured at a wavelength of 680 nm, and the enzymatic activity
was calculated based on a tyrosine standard curve.

Strains with lipase activity were screened by adding 10%
tributyrin (Yuanye Biotechnology Co., Ltd., Shanghai, China) to
YPD, where a transparent circle will form around colonies with
lipase activity. The method described by Konkit and Kim (2016)
was used to assess lipase activity with some adjustments. First,
4 ml 12% olive oil and 5 ml 25 mM phosphate buffer solution
(pH 7.0) were added to an Erlenmeyer flask and incubated at
40°C for 10 min. Then, 1.0 ml enzyme solution was added
to the above mixture followed by an incubation at 37°C for
15 min. Finally, 15 ml 95% ethanol was added to the above
mixture, which was then thoroughly mixed. Lipase activity was
determined by titration with 50 mM NaOH after adding 3 drops
of phenolphthalein to each sample and blank solutions.
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Strains with B-galactosidase activity were screened by adding
20 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(Sangon Biological Technology Co., Ltd., Shanghai, China)
to YPD agar plates, where colonies testing positive for
B-galactosidase activity turned blue. Measurement of B-
galactosidase activity was based on the method of Souza et al.
(2018). Furthermore, 50 1 enzyme solution was added to 50 pl
20 mM o-nitrophenyl-p-D-galactopyranoside substrate solution
(Sangon Biological Technology), and the mixture was then
incubated for 10 min at 37°C in a water bath (HH-1 Digital
Thermostatic Water Bath; Junteng Electronic Instrument Co.,
Ltd., Shandong, China). The reaction was stopped by adding
200 pl 0.5 M sodium carbonate solution. Phosphate buffer
without the enzyme solution was used as a blank control.
The absorbance of the solutions was measured at 420 nm in
a microplate reader (UV-1750; Shimadzu Corporation, Kyoto,
Japan).

Cheese Making and Sampling

A total of 120 L raw cows milk (Garden Dairy Co., Ltd.,,
Xinjiang, China) was pasteurized at 75°C for 15 s and divided
into four 30-L vats to make four different cheeses after cooled
to 35°C. All the batches were first mixed with 1 x 10° cfu/ml
commercial LAB starter (Ci Enkang Biotechnology Co., Ltd.,
Jiangsu, China) for acidification. Then, K. marxianus A2 (file
number in the GenBank database: MN985331.1), P. fermentans
A19 (MN985333.1), and P. kudriavzevii A11 (MN985332.1) were
added at a cell concentration of approximately 1 x 10° cfu/ml to
co-ferment with the commercial LAB starter. Before being added
to the batches, the three yeasts were activated in a sterile medium
consisting of 12% reconstituted skim milk, then incubated at
28°C for pre-ripening with 48 h. A batch without added yeast was
used as a control. Then, all the batches were stirred for 10 min at
35°C and curdled at this temperature for 2 h. The curd was cut
into 5-mm pieces to discharge the whey, and then was filtered
with gauze and pressed in a mold to further remove the whey.
Finally, the cheese was immersed in a 2% (w/v) salt solution for
1 h, then cut into small pieces and dried at 25°C for 2 days. All
the cheese samples were stored in sterile bags under the same
conditions (25°C, 65 % 1% relative humidity).

For physicochemical and microbiological analysis, the cheeses
were removed aseptically, transferred to sterile bags, and stored
under the same conditions (25°C, 65 &= 1% relative humidity).
Volatile compound analysis was performed at 10-day intervals
for 40 days, and the cheese samples were frozen at —80°C and
wrapped in vacuum plastic pouches.

Physicochemical and Microbiological
Analysis

The moisture of cheese was measured by direct drying in a
laboratory oven at 105°C according to the Chinese national
standard GB 5009.3-2016. Total protein was determined via
the Kjeldahl method (follow the Chinese national standards
GB 5009.5-2016) with Kjeldahl instruments (KjeIMaster K-375;
BUCHI Labortechnik AG, Switzerland). The determination of
salt was performed with reference to the national standard GB

5009.42-2016. The pH was measured with a calibrated electronic
digital pH meter (PHS-3C, Shanghai, China). The fat contents
were determined by Soxhlet extraction following the Chinese
national standard GB 5009.6-2016. Acidity was determined by the
titration method according to the Chinese national standard GB
5413.34-2010. All samples were analyzed in triplicate.
Microbiological analysis was performed as Atanassova
described with plate count method (Atanassova et al., 2016).
Enumeration of the total viable microorganisms was performed
on agar plates prepared with toxoid. LAB were cultured on
MRS agar plates (peptone 10 g/L, beef powder 10 g/L, yeast
extract 5 g/L, glucose 20 g/L, dipotassium hydrogen phosphate
2 g/L, diammonium hydrogen citrate 2 g/L, sodium acetate
5 g/L, magnesium sulfate 0.2 g/L, manganese sulfate 0.04 g/L,
agar 14 g/L, and Tween 80 1 ml) containing natamycin and
incubated at 35°C for 48 h under anaerobic conditions. Yeasts
were enumerated on YPD medium containing 100 mg of
chloramphenicol and after incubating at 28°C for 48 h.

Determination of Free Amino Acids

The FAA levels in cheese samples were measured according to
the method of Zhou et al. (2018). First, 2 g cheeses and 10 ml
6 M hydrochloric acid solution were transferred to a hydrolysis
tube, evacuated, sealed, and then hydrolyzed at 110°C for 24 h.
The hydrolysate was filtered into a volumetric flask and brought
to the appropriate volume with distilled water. Then, 2 ml of
the hydrolysate was dried, dissolved with 2 ml sodium citrate
buffer solution (pH 2.2), and then filtered through a 0.22-um
filter for analysis. The FAA contents were determined using a
fully automatic amino acid analyzer (LBA800; Tianjin Rambo
Co., Ltd., Tianjin, China; Niro et al., 2017). The total FAAs were
identified and quantified based on the retention times and peak
areas of a standard FAA mixture (Yuanye Biotechnology).

Determination of Organic Acids

To pretreat the sample according to Murtaza et al. (2017), 2 g
cheese was mixed with 10 ml water and centrifuged. Then,
the supernatant was transferred to a 50-ml volumetric flask
and the cheese precipitate was repeatedly extracted to the same
volumetric flask. After being brought to a constant volume
with ethanol, 10 ml of the above solutions was transferred to a
distillation flask and rotated at 80°C to dryness, with a second
drying step performed after adding 5 ml of ethanol. Finally,
the dried sample residue was dissolved in 1 ml phosphoric
acid solution, then filtered through a 0.22-pum filter and
assayed via HPLC.

Organic acids were determined according to Belguesmia et al.
(2014). A high-performance liquid chromatography instrument
(HPLC, Shimadzu LC-2010, Tokyo, Japan) equipped with a 5-
pm 250 x 4.6 mm Spursil C18 (LC) column (Dima Technology
Co., Ltd., Guangzhou, China.) was used. The UV detector was set
at 210 nm and the column oven at 40°C. The mobile phase was
methanol and 0.1% phosphoric acid, and the isocratic elution was
performed at a volume ratio of 3:97 with a flow rate of 0.7 ml/min.
The sample volume injected was 20 pl. Quantification of organic
acid contents in the samples was carried out by generating
calibration curves of external standards, including tartaric acid,

Frontiers in Microbiology | www.frontiersin.org

December 2020 | Volume 11 | Article 614208


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xiao et al.

Yeast Assists in Fermenting Cheese

lactic acid, succinic acid, malic acid, and citric acid (Yuanye
Biotechnology Co., Ltd., Shanghai, China).

Determination of Texture

Texture properties were measured using a TA texture analyzer
(TA.XTPlus; Stable Micro System Co., United Kingdom) and a
P/36R cylindrical probe (TA15/1000, 458 A, 36 mm diameter) by
reference to the method of Bekele et al. (2019). The test mode
was TPA, the compression rate was 5 mm/s, the test speed was
1 mm/s, the speed after test was 5 mm/s, the trigger force was
5 g, the interval between measurements was 5 s, the deformation
of the samples was 50%, and two consecutive determinations
were performed for each sample. Before the test, the cheese was
removed from the refrigerator at 4°C and equilibrated for 1 h
at room temperature, and were then cut into 2-cm pieces for
measurement. The calculation of texture properties was based on
the method described by Rehman et al. (2018).

Determination of Volatile Aromatic

Compounds

The volatile profiles of the cheeses were determined by
headspace-solid phase microextraction gas chromatography-
mass spectrometry (HS-SPME/GC-MS) according to the method
of Ocak et al. (2015). First, 2 g cracked cheese was added to
a 15-ml headspace vial with a PTFE silicone lined magnetic
cap and 1 pl 40 pg/kg 2-octanol was used as an internal
control. Volatile aromatic compounds were extracted with an
aging DVB/CAR/PDMS fiber (50/30 wm; Agilent Technologies,
Palo Alto, CA, United States). The SPME fiber was first
desorbed for 5 min in the injection port at 230°C before
use to reduce the carryover from the previous analysis, after
which the SPME needle was introduced into the septum in
the vial cap, and the fibers were exposed to the headspace for
40 min at 40°C to extract volatile compounds (Li et al., 2020;
Zheng et al., 2020).

Analyses were performed with a gas chromatography system
(Agilent 7890B; Agilent Technologies) consisting of an HP
Innowax column (60 m x 0.25 mm X 0.25 pm). The
following oven temperature program was used: 50°C maintained
for 3 min and then increased at a rate of 2°C/min to
100°C maintaining for 25 min, and finally an increase at
10°C/min to 230°C maintaining for 3 min. Helium was used
as carrier gas at a flow rate of 1 ml/min, and the electron
impact mode was set at 70 eV. Identification was based on
comparing the retention time (RT) with those published in
the National Institute of Standards and Technology (NIST,
https://webbook.nist.gov) mass spectral library, where only
compounds with a matching score > 800 were retrieved
and recorded (Panseri et al., 2014). Retention index (RI)
of each compound was calculated with the retention time
according to using a series of n-alkanes (Cg—Cyp). Moreover,
calculated RI was matched with a reference value according
to NIST database (Panseri et al, 2014; Xu et al, 2019).
The concentrations of the volatile compound were calculated
with semi-quantitative method by multiplying the internal
standard concentration and the ratio of the peak area of the
volatile compound in the sample to the internal standard peak

area, as shown in the following formula (Lugaz et al., 2005;
Zheng et al., 2018b):

RCVC = (PAVC/PAIS) x CIS

RCVC: relative concentration of volatile compounds;
PAVC: peak area of volatile compounds;

PAIS: peak area of internal standard;

CIS: concentration of internal standard.

To evaluate which compounds were responsible for the aroma
of Kazak cheeses, odor activity values (OAVs) were obtained by
dividing the concentration of each compound by the respective
odor threshold (in water) reported in the literature for the aroma
analysis (Gemert, 2011; Li et al., 2020).

Statistical Analysis

One-way ANOVA (p < 0.05) and Duncan’s tests were performed
with SPSS version 22 (IBM Corp., Armonk, NY, United States) for
physicochemical, amino acid, organic acid, texture, and volatile
compound analysis. A heat map was generated to show the trends
in flavors during the five storage periods in different cheeses
following R version 3.5.3. The effects of different yeasts on the
aroma profiles were evaluated by principal component analysis
(PCA) using SIMCA 14.1 (Umetrics, Sweden).

RESULTS AND DISCUSSION

Screening of Yeasts With Enzymatic
Activity and Cheese Making

In this study, a total of 86 yeast strains were screened from
the Kazak cheeses produced from different regions in Xinjiang,
which could be classified as K. lactis (9 strains), K. marxianus
(28 strains), P. kudriavzevii (21 strains), T. delbrueckii (3
strains), Candida parapsilosis (2 strains), P. fermentans (15
strains), Lodderomyces elongisporus (5 strains), and Clavispora
lusitaniae (3 strains). Among these strains, K. marxianus
and P. kudriavzevii were the dominant species, followed by
P. fermentans (Supplementary Table 1). Only 16 yeasts exhibited
high protease, lipase, or B-galactosidase activities. Based on
the enzymatic activity results (Supplementary Figure 1), both
K. marxianus A2 and P. fermentans Al19 were observed
to possess protease, B-galactosidase, and lipase activities,
whereas P. kudriavzevii All had only protease and p-
galactosidase activity (Supplementary Table 2). In addition,
K. marxianus A2 had the highest protease activity (135 U/ml),
P. kudriavzevii A11 possessed the highest p-galactosidase activity
(375 U/ml), and P. fermentans A19 had the highest lipase activity
(227 U/ml). Based on the dominant flora and enzymatic activities,
K. marxianus A2, P. kudriavzevii A1l, and P. fermentans A19
were selected as representative strains to manufacture cheeses,
referred to hereafter as KmC, PkC, and PfC, respectively.

Physicochemical and Microbiological

Analysis of Kazak Cheese
The physicochemical characteristics of the Kazak cheeses are
shown in Table 1. Also, the results showed that no differences
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TABLE 1 | Physicochemical parameters and microbial counts (log cfu/g) in
four Kazak cheeses.

Composition Control KmC PkC PfC
Protein (%) 21.27 £ 1.8228 22624+ 1.908 23.28 + 1.93% 21.52 + 1.862
Moisture (%) 26.55 + 1.08° 28.61 + 1.03%° 29.48 + 1,152 29.15 + 1.272
Fat (%) 20.35 £ 2,532 28.75+2.78% 29.21 +2.49% 28.97 + 2.65°
Salt (%) 19440072 1.92+0.06% 1914005 1.92+0.082
pH 498 +0.752 54840932 525+0.79% 4.95+ 0.822
Acidity (%) 1.25+0.072 1.13+0.04°> 0.96+0.06° 0.92+0.05°
Total viable 954005  9.3+004° 954003 9.4 +0.02°0
counts

LABs 9.2+0022 904005 91+003° 89+0.03%
Yeasts nd 2.8+0.02° 3140048 29+0.03°

"Data are mean + SD of three replicate analyses (n = 3). @CMeans with
different superscripts within the same row are significantly (P < 0.05) different.
nd\Means not detected.

in the protein, fat, and salt contents or pH values were observed
between the four cheeses, whereas significant differences in
moisture and acidity were observed. Among the four types
of cheese, the moisture content of the control cheese was
the lowest (26.55%), whereas those in PkC were the highest
(29.48%). The observed moisture contents were consistent with
the characteristics of Kazak cheese as a hard cheese, which is
different from that of other cheeses (Cichosz et al., 2014; Cuffia
et al., 2017). Salt acts as a preservative in cheese, inhibiting the
growth of spoilage microorganisms and contributing to the flavor
of the cheese (Guinee, 2004). In the four assayed cheeses, the
average salt content was 1.9%, with almost no loss observed
in this study. These results suggested that the physicochemical
indicators of cheese primarily depend on the milk material and
the LAB starter. The addition of the three types of yeasts had no
significant differences on the physicochemical properties of the
cheeses, including the protein, fat, and salt contents and pH value.
The highest microbial counts (9.5 log cfu/g) and LAB (9.2 log
cfu/g) were determined in the control cheeses (Table 1), whereas
the total viable microbes counts (9.3 log cfu/g) and yeast counts
(2.8 log cfu/g) determined in the KmC made with K. marxianus
A2 were lower than those observed in the PkC and PfC samples
after 40 days of ripening, respectively. The average number of
viable yeasts (3.1 log cfu/g) observed in PkC was significantly
higher than those in other cheeses. The results indicate that the
yeasts survived during the cheese-making process as previously
observed in raw-milk Tetilla cheese (Centeno et al., 2017).

Free-Amino-Acid Analysis

In cheese, the abundances of yeasts, such as Metschnikowia
reukaufii, Y. lipolytica, Metschnikowia pulcherrima, and
P. kudriavzevii (Akpinar et al., 2011; Zheng et al., 2018b), have
been shown affect the release of proteases, which was vital for the
formation of FAAs from proteins.

In the four Kazak cheeses made in this study, the most
abundant FAA was Glu, whereas the contents of Cys were
the lowest (Figure 1). These results agree with previously
reported data for Manchego cheese (Poveda et al., 2004),
which was related to a number of synthetic pathways for Glu,

Control
Pro 0.7 Thr K
—— PkC
Ser ——pfc
His \ Glu
Lys ‘ + Gly
Phe“ 'Ala

Ile Met

FIGURE 1 | Amino acid contents in four cheeses. The letters in the rose wind
direction figure indicate 17 kinds of amino acids.

such as the EMP pathway, HMP pathway, TCA cycle, and
transamination reaction.

The total FAA contents in the four cheeses were different due
to the addition of the yeasts used to ferment the cheese. In the
KmC, a total FAA content of up to 3.13 g/100 g was observed,
indicating that K. marxianus A2 contributes to the formation
of FAAs (Supplementary Table 3). Furthermore, among the
17 amino acids measured, except for Val and Leu, the amino
acid contents in the KmC were significantly higher than those
observed in the other cheeses. This fact may be attributed to
the high protease activity of K. marxianus A2. In contrast, the
total FAA contents in the PfC were the lowest among the assayed
cheeses (2.70 g/100 g). FAAs play an important role in the
formation of cheese flavor, like P. cactophila and K. lactis were
helpful to the production of 2-phenylethanol and isoamyl alcohol
(Celinska et al., 2018). These results indicate that the addition
of K. marxianus A2, which had the highest protease activity,
resulted in significantly higher FAA contents than those observed
in the other cheeses.

Organic Acid Analysis

Organic acids are the primary source of acidic taste in foods
(Lugaz et al., 2005; Da Conceicao Neta et al., 2007). The levels
of tartaric acid, lactic acid, malic acid, succinic acid, and citric
acid were investigated, and slight differences were observed in
the contents of organic acids between the four cheese samples
(Supplementary Table 4).

Among the several organic acids assayed, the concentration
of lactic acid was significantly higher than that of the other
organic acids, especially in the KmC with content up to
38.77 g/kg, whereas only 15.38 g/kg was detected in the PfC
(Figure 2). A high lactic acid content would help lower the
pH and subsequently affect the coagulation of casein. Besides,
lactic acid also affects the flavor of cheese by altering the
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FIGURE 3 | Texture analysis of four cheeses. The letters control, KmC, PkC, and PfC represent cheeses fermented by a commercial lactic acid starter, a commercial
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enzymatic activity and promoting the retention of coagulant
in the curd (McSweeney, 2004). In addition, malic acid, citric
acid, and succinic acid were also present at high levels in the
KmC, while P. kudriavzevii A11 and P. fermentans A19 both

promoted the generation of tartaric acid, the levels of which in
the corresponding cheeses were as high as 9.49 and 9.24 g/kg,
respectively. Because glycolytic and lipolytic activities greatly
promote organic acids (Izco et al., 2002), as well as an important
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TABLE 2 | Concentrations of volatile compounds in Kazak cheeses sampled at 40 days (1Lg/kg).

Compound Calculated RI 1A Control KmC PkC PfC
Alcohols
Ethanol 932 MS 434.46 + 9.6° 81.29 + 2,59 898.64 + 17.82 271.76 & 7.5°
Isobutanol 1092 MS 24.36 + 3.5° 21.73 + 1.6° 50.92 + 1.62 9.38 + 0.6°
Isoamylol 1209 MS 200.25 + 7.3° 7.90 +0.79 649.08 + 12.42 52.20 + 1.2°
Pentanol 1250 MS, RI 4.37 £0.3° 92.30 + 1.92 5.97 +0.8° 4.69 +0.2°
4-Methyl-hexan-2-ol 1327 MS 1.16 4+ 0.3° 195.04 + 6.32 4.97 £0.3° 2.46 +0.1P
1-Hexanol 1355 MS 519 + 0.4° 14.40 £1.7° 20.94 4 0.22 5.97 +0.5°
3-Octanol 1393 MS, RI 1.87 £ 0.1° 40.22 + 3.22 575+ 0.4° 0.90 + 0.1°
2-Ethylhexanol 1491 MS, RI 1.27 +£0.2° 1963.82 + 35.72 212 +£0.1P nd
2,3-Butanediol 1543 MS, RI 322.98 + 1.8° 4071.46 + 43.82 416.49 + 8.6° 117.34 + 2.89
1-Octanol 1557 MS, RI 3.62 +0.6° 7.62 +0.32 6.48 +0.9° 3.55+0.3°
Isobutoxypropanol 1582 MS 44.61 +1.3° 695.07 + 38.22 51.64 + 1.5° 18.14 + 0.9°
4-Methyl-2-pentenal 1604 MS 1.98 4+ 0.1° 27.80 + 1.72 2.57 +£0.2° nd
1-Non-anol 1660 MS, RI 2.50 + 0.20° 11,57 £2.52 413 +0.4° 1.52 4 0.1°
1,3-Butanediol 1576 MS, RI nd 1186.32 + 32.6 nd nd
Methionol 1719 MS, RI 2.58 +0.1P 1196.36 + 28.52 3.96 +0.2° 1.33 +0.3°
a-Cumyl alcohol 1773 MS, RI 0.41 £ 0.1° 6.49 £0.72 nd 0.66 + 0.1°
Phenylethanol 1906 MS, RI 128.63 + 3.6° 222.00 + 4.32 1.23 £+ 0.19 9.71 £ 0.4°
2-Methylheptan-2-ol 1053 MS Nd 8.75+ 0.5 10.27 + 0.9 nd
Aldehydes
Hexanal 1083 MS, RI 0.64 +0.1° 36.69 + 2.72 30.32 + 2.4 2.13+0.3°
2-Heptenal 1322 MS, RI 0.86 + 0.1° 5.08 + 0.42 2.07 £0.3° 0.99 + 0.1°
Non-anal 1391 MS, RI 5.94 +0.8° 58.71 £ 0.62 15.24 + 2.6° 13.93 £ 0.3°
Decanal 1498 MS, RI nd 1.27 £0.2° 2.01+0.22 1.52 +0.1°
3-Butanolal 2423 MS 0.34 £ 0.1° 1.41 4+ 0.12 1.06 & 0.1° 0.90 + 0.1°
Acids
Acetic acid 1449 MS, RI 465.28 + 26.3° 187.14 + 17.59 815.79 + 45.22 728.22 + 33.6P
Isobutyric acid 1570 MS, RI 98.11 + 10.4° 56.73 + 2.19 195.13 + 20.72 167.41 + 14.20
Butanoic acid 1625 MS, RI 64.82 + 9.49 383.31 +£21.82 158.28 + 17.3° 111.51 £ 7.7¢
2-Methylcaproic acid 1757 MS, RI 55.18 + 6.9° 8.47 + 1.59 159.84 + 14.8° 285.36 =+ 26.32
Pentanoic acid 1733 MS, RI 0.90 + 0.1° 6.49 + 0.72 1.84 4 0.3° 1.61 & 0.4
2-Methylvalerate 1764 MS 1.98 4+ 0.2° nd 1.73 4+ 0.1P 5.87 +0.22
Hexanoic acid 1846 MS, Rl 69.60 & 6.3° nd 142.98 £ 7.32 120.94 + 5.7°
Heptanoic acid 1950 MS, RI 1.42 4+ 0.2° 387.68 4 37.42 0.56 + 0.1P 0.33 +0.1°
Non-anoic acid 2171 MS, Rl 0.41 +£0.1P 1.13+£0.1° 1.28 +£0.2° 51.59 + 2.52
Octanoic acid 2060 MS, RI 25.07 £ 1.52 16.09 + 2.8° 0.17 +0.19 8.15+1.1°¢
Benzoic acid 2412 MS, RI 6.28 + 1.8° 13.97 +£1.52 16.41 £ 2.12 nd
Esters
Ethyl acetate 888 MS, RI 620.10 + 48.42 493.96 + 42.9° 690.90 + 37.42 267.28 + 26.4°
Isobutyl acetate 1012 MS, RI 497 £1.1° 22.30 4+ 1.6° 4,13 +1.3° 30.06 + 2.92
Ethyl butanoate 1035 MS, RI 12.59 + 1.2° 178.53 + 5.12 30.65 + 1.8° nd
Isoamyl acetate 1122 MS, RI 571.08 + 16.4° 36.69 + 1.7° 573.21 + 34.1P 1931.13 + 41.72
Ethyl hexanoate 1233 MS, RI 35.83 + 2.9P 23.57 + 2.8° 73.97 + 6.32 15.02 + 2.89
Hexyl acetate 1272 MS 2.32 £0.2° 10.02 + 1.42 nd 763+ 1.20
Ethyl tert-butylacetate 1334 MS 0.97 £0.1° 2.54 +0.62 2.46 +0.22 1.09 + 0.1°
Ethyl propanoate 1365 MS 0.26 +0.1P nd 3.07 + 1.12 0.85 + 0.2°
Ethyl lactate 1427 MS 26.23 4 5.20 8.19 + 0.034 67.78 + 2.12 17.86 + 3.2°
Ethyl caprylate 1435 MS, RI 55.70 + 3.92 39.94 + 1.9° 47.34 +0.8° 25.01 + 2.79
Propyleneacetate 1526 MS, Rl 1.91 +£0.1° 147.06 + 3.22 491 +1.1° 1.75 £0.1°
Glycol diacetate 1535 MS, RI 4.03+0.8° 45,02 + 2.12 430 +1.2° 1.23 4 0.2°
Ethyl caprate 1638 MS, Rl 3.44 +0.6° 480+ 1.7° 3.91+1.8° 15.54 + 2.52
Phenethyl acetate 1815 MS, RI 21217 4 24.7° 1750.72 + 57.28 154.59 + 25.8° 319.56 + 16.4°

(Continued)
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TABLE 2 | Continued

Compound Calculated RI 1A Control KmC PkC PfC
Phenethyl butyrate 1958 MS, RI 2.88 +0.8° 208.45 + 24.82 1.40 £ 0.3° 0.28 + 0.1°
D-(-)-Pantolactone 2029 MS, RI 0.49 +0.1P 18.21 +1.92 0.50 + 0.1P nd
5-Decanolide 2194 MS, Rl 1.46 +0.2° 7.34+0.32 nd 2.27 £0.2°

Ketones
2-Heptanone 1078 MS, RI 13.97 + 3.2° 14.54 + 2.8° 49.30 + 4.28 15.40 + 0.8°
Acetoin 1284 MS, Rl 85.55 4 9.4 8.47 +£1.99 154.31 + 5.82 47.32 + 6.3°
6-Methyl-5-hepten-2-one 1338 MS, Rl 0.93 +0.1° 13.27 + 2.62 9.04 +0.3° 8.62 + 1.4°
2-Non-anone 1390 MS, Rl 12,18 +1.2° 54.90 + 4.22 27.41 + 3.9° 28.94 4+ 2.8°

"Data are mean + SD of three replicate analyses (n = 3). @~ 9Means with different superscripts within the same row are significantly (P < 0.05) different. °Control, KmC,
PkC, and PfC represent samples collected on 40 days. "@Means not detected. IA, identification approach.

carbon source for microbial growth (Akalin et al., 2002), yeasts
with enzymatic activity greatly promoted the production of
organic acids through metabolism. Importantly, different organic
acids produce different sour tastes. For example, citric acid
provides a smooth sour taste and a fresh sensation, while malic
acid provides a soft sour taste (Park et al., 2017).

The contents of malic acid and tartaric acids in the control
cheese, which was only fermented by commercial LAB, were
lower than those observed in the KmC, PkC, and PfC samples.
Furthermore, the total organic acid contents in the KmC, PkC,
and PfC samples (59.54, 36.35, and 34.71 g/kg) were also higher
than that observed in the control. These results indicate that the
addition of yeasts was beneficial to the formation of organic acids
in cheese. Moreover, the differences of contents in organic acids
depended largely on the yeasts used.

Texture Analysis

Analysis of the textural characteristics of the four cheeses
showed that the hardness, springiness, cohesiveness, chewiness,
gumminess, and chewing resilience were different (Figure 3).

All of the texture indicators, except for cohesiveness, in the
KmC, PkC, and PfC samples were lower than those observed
in the control, which may be related to acidification caused by
the LAB starter (Supplementary Table 5). It is recognized that
the pH, acidity, and moisture in food affect the cheese texture
during the cheese fermentation process. However, a vital factor
to the texture of cheeses is related to the proteolytic activity
(Murtaza et al., 2014). The high contents of lactic acid promoted
the hydration of casein, which further promotes the solubilization
of proteins making the cheese less brittle (Dalié et al., 2010;
Delavenne et al., 2012). The hardness, springiness, chewiness,
and gumminess of the KmC were the highest among the cheeses
assayed. These results indicate that the addition of yeasts led to
a softer cheese texture compared with that of the control, which
was highly related to the contents of lactic acid in the cheese.

Volatile Compound Analysis

Fifty-five volatile compounds were detected in the cheeses,
including 18 alcohols, 5 aldehydes, 11 acids, 17 esters, and
4 ketones (Table 2). Significant differences (P < 0.05) were
observed for the amounts of flavor compounds between cheeses
(Supplementary Figure 3). Among the four cheeses, alcohols

and esters were the primary compound types, followed by acids
(Figure 4), with large amounts of alcohols detected, such as
ethanol, isoamylol, and 2,3-butanediol. Similarly, ethyl acetate,
isoamyl acetate, and phenethyl acetate were abundant esters.
These results were associated with alcohols and free fatty acids
because of the reaction of esterification and alcoholysis that
presented in cheeses (Bertuzzi et al., 2017). Acetic acid, isobutyric
acid, butanoic acid, 2-methylcaproic acid, and hexanoic acid
were the dominant acids of cheeses. Other volatile compounds
such as methyl ketones were also detected. These volatiles can
be produced by the esterification of an alcohol with a free
carboxylic acid (Alewijn et al, 2005) or B-oxidation of fatty
acids (Collins et al., 2003). As shown in Figure 4, we also
observed that the level of esters, alcohols, and ketones were
significantly different between the control cheese and PkC.
However, in the KmC, the ester contents decreased, whereas
that of alcohols gradually increased. In the PfC, the levels of
alcohols tended to first increase and then decrease, whereas
the changes in ester levels exhibited the opposite trend. The
aforementioned results indicate that the addition of yeasts altered
the composition and contents of volatile compounds, especially
alcohols, esters, and acids.

Dynamic Changes in Volatile Compounds

and Aroma Evaluation in Cheeses

The aromatic profiles of the four Kazak cheeses on different days
(0, 10, 20, 30, 40 days) were determined, and the relationships
between the different yeast strains and the composition of
the volatile compounds were analyzed via PCA. The results
showed that PC1 and PC2 could explain 26.3 and 22% of
the observed variance, respectively (Figure 5). The differences
between selected yeasts and the volatile compounds produced
could be easily distinguished by the concentrations of isoamylol
(A3), 1-hexanol (A6), 2,3-butanediol (A9), methionol (A15),
decanal (B4), 3-butanolal (B5), heptanoic acid (C8), ethyl acetate
(D1), and ethyl hexanoate (D5; Supplementary Figure 2).

A heat map was used to compare the trends in the levels of
55 flavor compounds observed during the five ripening periods.
According to the clustering results, these compounds could be
divided into four categories (I, II, III, and IV) that contained 15,
10, 18, and 12 aromatic compounds, respectively (Figure 6). The
results showed that not only the LAB contributed to the flavor
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of the cheese but also K. marxianus A2, P. kudriavzevii All,
and P. fermentans A19 strains were associated with proteolysis,
lipolysis, or lactose degradation. K. marxianus A2 contributed to
the formation of compounds in categories I and II, P. kudriavzevii
A1l had an important effect on the compounds in category III,
whereas P. fermentans A19 primarily promoted the contents of
compounds in category IV. These results indicate that adding
yeasts could alter the flavor of cheeses and that K. marxianus A2,
P. kudriavzevii A11, and P. fermentans A19 were good producers
of flavor compounds.

Yeast can effectively produce many secondary metabolites
that are crucial to the quality of cheese, including carbonyl
compounds, sulfur compounds, fatty acid derivatives, phenolic
compounds, and higher alcohols, which have been directly
related to the aroma of cheeses (Dzialo et al., 2017). Volatile
compounds with OAV > 1 were divided into six aromas,
comprising fruity, herbaceous, floral, fatty/oily, brandy, and
onion. Volatile compounds in the KmC, PfC, and PkC samples
exhibited a richer flavor than that of the control (Figure 7).
Among the identified volatile compounds, the OAV of ethyl
acetate was the highest, especially in the PkC, followed by the
control, KmC, and PfC, which indicates that fruity aroma was
abundant in the four cheeses. Furthermore, except for hexanal,
all other volatile compounds detected possessed a specific fruity
aroma. High OAVs were also observed for isoamyl acetate
(64.37), which has a banana odor in PfC and 2,3-butanediol
(42.81) possesses an onion odor quality in KmC (Supplementary

M Control
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(=)
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FIGURE 5 | Principal component analysis of four Kazak cheeses according to
the determined volatile compounds. The letters control, KmC, PkC, and PfC
represent cheeses fermented by a commercial lactic acid starter, a
commercial lactic acid starter with K. marxianus A2, P. fermentans A19, and
P Kudriavzevii A11, respectively. 1-5 represent O, 10, 20, 30, and 40 days of
fermentation time.

Table 6). Furthermore, non-anal with oily, rose, and citrus-like
notes, ethyl butanoate with an apple aroma, and ethyl hexanoate
with brandy, orange, and sour odor notes in the KmC had OAV's
of 7.34, 9.92, and 4.71, respectively. OAVs higher than one were
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also determined for 1-hexanol, hexanal, and 2-non-anone in the
different cheeses. Evaluation of aroma characteristics other than
fruity flavor showed that the cheese produced with K. marxianus
A2 possessed a strong onion, oily, and floral aroma, whereas
P. kudriavzevii A1l contributed to the formation of brandy,
herbaceous, and onion flavors in the PkC, and no significant
aroma changes were observed in PfC made with P. fermentans
A19 (Figure 7B).

CONCLUSION

The results of this study showed that yeasts were primary
microbial components in Kazak cheese and contributed to cheese
quality and flavors. In general, adding yeast had no effect on
the physicochemical parameters like pH value or protein, fat,
and salt contents of cheeses, except for moisture and acidity.
The cheeses made with added yeasts were more brittle than that
of control cheese. Furthermore, the yeast added in this study
had complex and diverse effects on cheese flavors. K. marxianus
A2 contributed to the formation of FAA and organic acids
in cheese, especially Glu and lactic acid. Besides, this yeast
also promoted the contents of 2-ethylhexanol, 2,3-butanediol,
isobutoxypropanol, 1,3-butanediol, methionol, and phenethyl
acetate, providing onion, oily, and floral aromas to the cheese. In
contrast, P. kudriavzevii A11 contributed to the accumulation of
ethanol, isoamylol, acetic acid, ethyl acetate, and isoamyl acetate,
promoting a strong brandy, herbaceous, and onion flavor. Thus,
the addition of yeasts increases the flavors and distinctiveness
of Kazak cheese, indicating that yeasts are important auxiliary
starters for cheese production.
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Monacolin K is a secondary metabolite produced by Monascus with beneficial effects
on health, including the ability to lower cholesterol. We previously showed that the
yield of monacolin K was significantly improved when glutamic acid was added to the
fermentation broth of Monascus purpureus M1. In this study, we analyzed M. purpureus
in media with and without glutamic acid supplementation using a metabolomic profiling
approach to identify key metabolites and metabolic pathway differences. A total of
817 differentially expressed metabolites were identified between the two fermentation
broths on day 8 of fermentation. Pathway analysis of these metabolites using the
KEGG database indicated overrepresentation of the citric acid cycle; biotin metabolism;
and alanine, aspartate, and glutamate metabolic pathways. Six differentially expressed
metabolites were found to be related to the citric acid cycle. The effect of citric acid as an
exogenous additive on the synthesis of monacolin K was examined. These results provide
technical support and a theoretical basis for further studies of the metabolic regulatory
mechanisms underlying the beneficial effects of monacolin K and medium optimization,
as well as genetic engineering of Monascus M1 for efficient monacolin K production.

Keywords: monacolin K, monascus, metabolomics, citric acid, glutamic acid

INTRODUCTION

Monascus is a common saprophytic fungus with practical applications in the food, brewing, and
medical industries in China (Lin et al., 2008; Pérez-Jiménez et al., 2018). Monascus species, such as
M. ruber, M. fuliginosus, M. albidus, M. rubiginosus, M. serorubescens, and M. purpureus are widely
known to produce various secondary metabolites with polyketide structures, such as pigments
(Krairak et al., 2000), monacolin K (Endo, 1979), citrinin (Blanc et al., 1995), and y-aminobutyric
acid (Diana et al., 2014). Extensive studies of physiological substances in Monascus have led to the
discovery of various metabolites with high nutritional and pharmaceutical value (Li et al., 2011;
Stefanutti et al., 2017).

Among these metabolites, monacolin K is widely used as a drug for the treatment of
hyperlipidemia (Anagnostis et al., 2018; Lee et al., 2018). Monacolin K can effectively suppress
the activity of a key enzyme in cholesterol biosynthesis (HMG-CoA) as a competitive inhibitor
and can regulate blood lipid abnormalities (Su et al, 2003). Moreover, it can suppress
breast cancer cell proliferation (Patel, 2016) and facilitate apoptosis in malignant thyroid cells
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(Chen et al., 2014). However, its use is limited by low yields and
high production costs. Therefore, it is important to improve
the production of monacolin K by Monascus. Generally, the
yield of monacolin K is improved by two approaches. First,
high monacolin K-producing strains can be produced by
genetic engineering technology (Liu et al., 2019) and mutation
breeding (Chen et al., 2008). Second, fermentation conditions
of Monascus, such as medium components and conditions, can
be optimized (Kalaivani and Rajasekaran, 2014). The regulatory
mechanism of monacolin K has not been fully resolved.
Metabolomics techniques are used to analyze the differences in
key metabolites involved in the synthesis of monacolin K, which
is a better analytical method.

Metabolomics is a new qualitative and quantitative method
for comprehensive analyses of small molecule metabolites
(<1.5 kDa) produced by an organism in a specific physiological
period (Zhang et al., 2016); this approach is widely used in
the food, medical, and agricultural fields (Vongsangnak et al.,
2011; Johanningsmeier et al., 2016). Metabolites serve as direct
indicators of biological activity and are therefore, useful for
detecting correlations with phenotypes (Patti et al., 2012). Both
targeted (Dudley et al, 2010) and untargeted metabolomics
approaches can characterize metabolites that accumulate
differentially in biological samples (Nordstrom et al., 2008).
Filamentous fungi produce numerous secondary metabolites
that are not directly involved in growth or reproduction
(Keller et al., 2005). Increasing studies have focused on the
characterization of filamentous fungi by metabolite profiling
and metabolomics. Liquid chromatography high-resolution
mass spectrometry (LC-HRMS) and gas chromatography mass
spectrometry (GC-MS) were used by (Kang et al,, 2011) to
categorize Trichoderma species according to their secondary
metabolite profiles (Kang et al., 2011). Identifying unknown
bioactive compounds produced by filamentous fungi is also a
major research goal (Wiemann et al., 2013). Several compounds
that are correlated with co-cultivation of Streptomyces coelicolor
and Aspergillus niger have been identified by nuclear magnetic
resonance (NMR)-based metabolomics (Wu et al., 2015). A
variety of volatile organic compounds associated with the
catabolism of branched chain amino acids have been detected
by solid phase microextraction (SPME)-GC-MS (Roze, 2010).
Major differences between Escherichia coli strains grown under
different conditions have been examined at the levels of amino
acids, fatty acids, and precursor metabolites by GC-MS (Carneiro
etal., 2012).

Despite this increase in metabolomics studies of filamentous
fungi, this technology has not been used to investigate
changes in the metabolome of Monascus during different
growth phases. Previous analyses showed that glutamic acid
can enhance the production of monacolin K in Monascus
M1 (Zhang et al, 2017). In this study, the fermentation
broths prepared using two types of medium were collected
at different time points for metabolomic profiling by ultra-
performance liquid chromatography quadrupole time-of-flight
mass spectrometry (UPLC-Q-TOF-MS). The composition of
metabolites and molecular mechanism by which glutamic acid
regulates monacolin K production were investigated.

METHODS AND MATERIALS

Fungal Strain and Culture Conditions
Monascus purpureus M1 was obtained from the Chinese General
Microbiological Culture Collection Center (strain number,
CGMCC 3.0568, Beijing, China). M. purpureus M1 is a wild-
type strain that stably produces monacolin K. It was grown
on potato dextrose agar at 30°C for 4 days and cultured with
50 mL of seed medium containing 30 g/L glucose, 15 g/L soybean
powder, 1 g/L MgSO4-7H,0, 2 g/L KH,POy, 70 g/L glycerol, 2
g/L NaNOs3, and 10 g/L peptone at neutral pH. The cultures were
incubated at 30°C for 48 h with shaking at 200 rpm. Two types
of fermentation medium were used. The original fermentation
medium contained 20 g/L rice powder, 1 g/L MgSO4-7H,0,
2 g/L ZnSO4-7H,0, 2.50 g/L KH,POy4, 90 g/L glycerol, 5 g/L
NaNOs, and 10 g/L peptone at a neutral pH. For the glutamic
acid fermentation medium, the original fermentation medium
was supplemented with 10 mM glutamic acid. The seed culture
(5mL) was then inoculated into these two types of fermentation
media (50 mL). The cultures were incubated at 30°C for 2 days
with shaking at 150 rpm, followed by incubation at 25°C for 10
days with shaking at 150 rpm.

Determination of Monacolin K

To evaluate the yield of monacolin K, the fermentation broth
(5mL) was added to 15 mL of 75% methanol (v/v) and sonicated
for 20 min, and the supernatant was passed through a 0.45 pm
filter. High-performance liquid chromatography (HPLC) using
an Inertsil ODS-3 C18 column (150 mm x 4.6 mm X 5pm) was
used to detect the yield. The mobile phase was ddH,O (with
0.1% H3POy4) /methanol (1:3, v/v) and was run at 1 mL/min. An
ultraviolet detector was used at a wavelength of 237 nm, detection
temperature of 30°C, and injection volume of 10 pL.

Sample Collection and Preparation

The fermentation medium was collected at 0, 8, and 12 days in
two different cultures and stored at—80°C until analysis. NGO,
NGS8, and NGI2 indicate the fermentation medium without
glutamic acid on days 0, 8, and 12, respectively; G8 and
G12 indicate the fermentation medium with glutamic acid on
days 8 and 12. A volume of 300 wL of 80% methanol was
added to 100 pL of each sample followed by ultrasonication
for 10 min; ultrasonication was stopped for 10s every 5s. The
samples were vortexed for 1-3 min and left standing for 10 min
at 4°C. To separate the methanol/water layers, the samples

TABLE 1 | Gradient elution conditions in LC.

Time (min) Mobile phase A (%) Mobile phase B (%)
0 98 2
1 98 2
13 10 90
16 10 90
16.1 98 2
20 98 2
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were centrifuged for 10 min at 13,000 rpm. The supernatant
was dried to a powder by vacuum drying and dissolved
in methanol.

UPLC-Q-TOF-MS

Liquid chromatography (LC) separation was performed using
an Agilent ZORBAX Eclipse Plus C18 column (100 x 2.1 mm,

3.5um; Agilent Technologies, Santa Clara, CA, USA). The
injected sample volume was 20 WL for each run in the full
loop injection mode, and the column temperature was 25°C.
The flow rate of the mobile phase was 0.5 ml/min, where
mobile phases A and B were 0.1% formic acid in ddH,O and
acetonitrile, respectively. The program for elution gradient is
described in Table 1.
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FIGURE 1 | (A) Effect of glutamic acid on monacolin K production in Monascus, (B) the TIC diagrams of positive, (C) and negative ions for all samples. (B,C) Indicate
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MS was performed using Triple TOF 5600+, an orthogonal
accelerated TOF-MS (AB Sciex, Redwood City, CA, USA)
equipped with an electrospray ion source. Data were acquired in
positive and negative-V-geometry mode for each LC-MS analysis.
The capillary voltages were set to 2,500 and 3,000 V, cone gas flow
rate 50 L/h, desolvation gas flow rate 600 L/h, source temperature
120°C, and desolvation temperature 500°C. The scan range of
mass-to-charge (m/z) was 50 to 1,500 in full scan mode and data
were collected in centroid mode. Independent reference lock-
mass ions obtained by Analyst TF 1.6 and MarkerView 1.2.1 were
used to ensure mass accuracy during data acquisition.

The differentially expressed metabolite ions were identified
by searches against the HMDB (http://www.hmdb.ca/spectra/
ms/search) databases (Wishart et al., 2008). The mass tolerance
for the HMDB database search was set to 0.05 Da. The
chromatographic retention behavior was also considered in order
to reduce false-positive matches.

Statistical Analysis

MarkerView was used for peak identification, peak filtering, and
peak alignment of raw mass spectrometry data. The qualitative
m/z and a two-dimensional data matrix of peak areas were
obtained. MetaboAnalyst 3.0 was used to normalize samples
with different requirements for comparison. Differentially
expressed metabolites among groups were visualized by principal
component analysis (PCA), partial least squares discriminant
analysis (PLS-DA), and orthogonal partial least squares-
discriminant analysis (OPLS-DA). The false discovery rate
method was used to correct for multiple comparisons. Data are
presented as the mean =+ SD.

Multivariate analyses, including unsupervised PCA and
supervised PLS-DA, were implemented in MetaboAnalyst
4.0 (http://www.metaboanalyst.ca/MetaboAnalyst/). PLS-DA
models were cross-validated by the 10-fold method with unit
variance scaling. The parameter R* was used to evaluate the
fitting of the PLS-DA models, and Q* was used to assess
predictive ability. Negative or very low Q* values indicate that
the differences between groups were not significant. The PLS-DA
model removes variation in the X matrix that is not correlated
with the Y matrix. Thus, only one predictive component is
generally used for discrimination between two classes.

Comparisons in the intensities of integrated regions between
two groups were performed using the two-tailed Welchs t-
test implemented in MetaboAnalyst 4.0, and p < 0.05 was
considered statistically significant. A volcano plot was generated
based on a combination of fold change values and t-tests,
and significantly different peaks among the three groups were
used for multivariate pattern recognition. Moreover, peaks that
were consistently upregulated or downregulated were identified;
the intensity data for these regions were used in box-plot,
hierarchical cluster, and metabolic pathway analyses.

Pathway Analysis

Differences in chemical metabolites were evaluated
using the MetaboAnalyst 4.0 web portal for pathway
analysis  and  visualization  (http://www.metaboanalyst.

ca/). Additional metabolite set enrichment analysis was

performed (http://www.metaboanalyst.ca/). Pearson’s
correlation  coeflicients were calculated to  evaluate
the relationships between biomarkers (p <  0.05,

impact >0.01).

Verification of Fermentation Experiment
Fermentation experiments were carried out on the characteristic
substances selected by the metabolome to verify their functions.
According to the compounds involved in the tricarboxylic acid
cycle, this study chose to add malic acid, fumaric acid, a-
ketoglutarate, and citric acid to the common medium. Based
on the preliminary exploration of the optimal concentration
in our laboratory, the concentration of the above-mentioned
substances was determined. For the malic acid-fermentation
medium, fumaric acid-fermentation medium, a-ketoglutarate-
fermentation medium, and citric acid-fermentation medium,
the original fermentation medium was separately supplemented
with 3 g/L malic acid, 0.60 g/L fumaric acid, 10 g/L a-
ketoglutarate, 1 g/L citric acid. The culture conditions were the
same as 2.1.

RESULTS

Glutamic Acid Influences Monacolin K
Yield

Monacolin K production was detected at 8 and 12 days in two
different cultures. As shown in Figure 1A, the monacolin K yield
using the M1 strain was higher in a glutamic acid-containing
medium than in an ordinary medium on days 8 and 12, with
increases of 2.90 and 1.70-fold, respectively.

Multivariate Statistical Analysis

The profiles of metabolites in medium detected by UPLC-
Q-TOF-MS were analyzed by multivariate statistical methods,
including PCA, PLS-DA, and OPLS-DA. The TIC diagrams of
all samples in positive and negative ion mode are shown in
Figures 1B,C.

Through PCA analysis, inspect the distribution of samples,
verify the rationality of the experimental design and the
uniformity of biological replicate samples. The PCA analysis
results were shown in Figure 2. The middle point in Figure 2
represents the sample number, and the contribution rate of PC1
and PC2 in the score chart is shown in Figure 2. The area
within the middle ellipse represents the 95% confidence interval.
It could be seen from Figure 2 that the samples of the same
group were relatively concentrated in two-dimensional space,
indicating that the selection of these indicators was representative
and the biological repetition was good.

The PLS-DA results are shown in Figure 3; this analysis
was performed to visualize the differentiation among the three
groups (NGO, G8, and G12) (Figures 3A1,A2). The selection
of indicators was representative, and repeatability among
biological replicates was acceptable. Components within groups
were relatively concentrated, and the NGO-G8-NGS8 groups
(Figures 3B1,B2), NG0-G12-NG12 groups (Figures 3C1,C2),
NGO0-NG8-NG12 groups (Figures 3D1,D2), and G8-G12-NGO-
NG8-NG12 groups (Figures 3E1,E2) showed similar results. The
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contribution rate of PC1 and PC2 in the score chart was shown
in Figure 3. The area inside the middle ellipse represents the 95%

confidence interval.

At the same time, VIP value (variable importance in
projection) was a variable importance factor. Generally, VIP >1
can be considered as a difference. The PLS-DA-vip score as shown
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FIGURE 4 | PLS-DA-vip score of samples. (A) NG0-G8-G12; (B) NGO-G8-NG8; (C) NG0-G12-NG12; (D) NGO-NG8-NG12; (E) G8-G12-NGO-NG8-NG12. Part of
the molecular weight list of VIP >1, the abscissa represents the VIP score value, the ordinate represents the molecular weight information of m/z, and the red and
green on the right represent the expression level of m/z in the two groups.
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FIGURE 5 | OPLS-DA score plots for the data sets. (A1,A2) NGO-G8-G12;
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(E1,E2) G8-G12-NG0O-NG8-NG12. The OPLS-DA model shows significant

in Figure 4. Part of the molecular weight list of VIP >1, the
abscissa represents the VIP score value; the ordinate represents
the molecular weight information of m/z. Figures 4A-E showed
that all the samples were different.

Furthermore, OPLS-DA was used to filter uncorrelated signals
related to model classification. As shown in Figures 5E1,E2,
OPLS-DA models showed a distinct separation between NGO-
NG8-NG12-G8-G12 groups. Accordingly, there were significant
differences among groups, and six repeated data points in each
group were highly aggregated, indicating good repeatability. In
addition, the components for different groups were separated
with significant differences (Figures 5A-D).

Difference Analysis

In the analysis of ANOVA volcano graph, the p-value needed
to be considered at the same time. After the ANOVA test data
was converted into a negative logarithm base 10, the graph
was shown in Figure 6. The NG0-G8-G12 groups (Figure 6A),
NGO0-G8-NG8 groups (Figure 6B), NGO0-G12-NGI12 groups
(Figure 6C), NG0O-NG8-NG12 groups (Figure 6D), and G8-G12-
NGO0-NG8-NG12 groups (Figure 6E) showed similar results.
The red point represented p < 0.05, which meant there was a
significant difference.

In the cluster analysis, all the metabolites obtained were
subjected to two-way clustering of samples and metabolites,
and the method used was hierarchical clustering. In Figure 7,
the abscissa represented the sample number, and the ordinate
represented the molecular weight of each metabolite. From
the results shown in Figure7A, it can be seen that GI2
and G8 have similar metabolic profiles and were clustered
together. G8-NG8 (Figure 7B), G12-NG12 (Figure 7C), NG12-
NGS8 (Figure 7D), and G12-G8-NG12-NG8 (Figure 7E) also had
similar metabolic profiles.

Identification of Metabolites

After analysis of the metabolomics profiles of different groups,
differential metabolites were selected based on VIP scores. A
total of 2,509 differential metabolites were detected between NG8
and G8. Through the use of a fold-change >2, VIP >1, and p
< 0.05, 817 differentially expressed metabolites were selected.
More than 18 differential metabolites were screened according
to superclass classification. A superclass pie chart of differential
metabolites between NG8 and G8 is shown in Figure 8A. The
metabolites included “lipids and lipid-like molecules” (n = 185,
23%); “phenylpropanoids and polyketides” (n = 140, 17%);
“organoheterocyclic compounds” (n = 136, 17%); “organic acids
and derivatives” (n = 108, 17%); “benzenoids” (n = 85, 10%); and
“organic oxygen compounds” (n = 82, 10%).

A total of 2,488 differential metabolites was detected between
NG12 and G12. Using a fold-change > 2, VIP > 1, and p <
0.05 as criteria, 628 differential metabolites were selected. More
than 17 types of differential metabolites were screened according
to superclass classification. A superclass pie chart of differential
metabolites between NG12 and G12 is shown in Figure 8B.
The metabolites included “lipids and lipid-like molecules” (n =
147, 23%); “phenylpropanoids and polyketides” (n = 100, 16%);
“organoheterocyclic compounds” (n = 98, 16%); “organic acids
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FIGURE 6 | The ANOVA volcano maps of samples. (A) NGO-G8-G12; (B) NGO-G8-NGS8; (C) NGO-G12-NG12; (D) NGO-NG8-NG12; (E) G8-G12-NGO-NG8-NG12.
The red point represents p < 0.05, which means there is a significant difference.

and derivatives” (n = 77, 14%); “benzenoids” (n = 77, 12%); and
“organic oxygen compounds” (n = 58, 9%).

A total of 817 differential metabolites were putatively
identified (VIP > 1, p < 0.05) between NG8 and G8 and
subsequently categorized in subclasses, including fatty acids and
conjugates, amino acids, peptides, and analogs. Six differential
metabolites were classified as fatty acids and conjugates (Table 2).
A variety of metabolites were produced during the growth
of microorganisms. Among them, fatty acids and conjugates
were very common. Molds, bacteria, yeast, and some algae can
produce lipid metabolites. Particularly, molds can produce many

types of fatty acids, including many beneficial polyunsaturated
fatty acids. Monascus is rich in polyunsaturated fatty acids, and
unsaturated fatty acids may enhance the cholesterol-inhibiting
effects of monacolin K. Fatty acids in Monascus mainly include
C18:1, C18:2, C16:0, C18:0, and Cl16:1 (Dr et al., 1989). The
pathway for the production of polyketide secondary metabolites
by Monascus is related to the fatty acid production pathway
because acetyl-CoA is a common initial substance for these two
pathways. Acetyl-CoA is synthesized in the early fermentation
period of Monascus and acetyl-CoA is mainly used to synthesize
lipid compounds. At the end of fermentation, the fatty acid
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FIGURE 7 | The cluster maps of samples. (A) NGO-G8-G12; (B) NGO-G8-NG8; (C) NGO-G12-NG12; (D) NGO-NG8-NG12; (E) G8-G12-NGO-NG8-NG12. The
abscissa represents the sample number, and the ordinate represents the molecular weight of each metabolite.
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TABLE 2 | Differential metabolites of fatty acids and conjugates among NGO-G8-NG8.

Compound name Query mass VIP Formula Peak area in NGO Peak area in G8 Peak area in NG8
3-Dehydroxycarnitine 146.1154 2.5433 C7H1sNO, 55,558 97,272 121,302
Mevalonic acid 149.0795 2.3703 CeH1204 239,155 269,756 126,102
2-Hydroxyadipic acid 161.0456 1.6775 CsH100s 1,057,921 798,989 694,349
Petroselinic acid 280.2348 1.8957 C1gH3302 901 19,043 37,173

Oleic acid 281.2466 1.8399 C1gHz402 6737 13,077 29,831
12-0Ox0-20-carboxy-leukotriene B4 363.18 2.447 CooHogOg 17,560 34,749 78,353

contents were low; acetyl-CoA is mainly used to synthesize
Monascus pigments (Somashekar and Joseph, 2000). As shown in
differential metabolites of fatty acids and conjugates among NGO-
G8-NG8 (Table 2), the contents of petroselinic acid and oleic acid
decreased following the addition of glutamic acid. Acetyl-CoA
was presumably mainly used to synthesize secondary metabolites
in Monascus.

KEGG Pathway Analysis of Differential
Metabolites

The pathway analysis of differential metabolites was performed
using the KEGG database. As shown in Figure9, many
metabolic pathways were identified in this analysis. Among
them, citric acid cycle, biotin metabolism, alanine, aspartate, and
glutamate metabolism, one carbon pool by folate, sphingolipid
metabolism, d-glutamine and d-glutamate metabolism,
pyrimidine metabolism, d-arginine and d-ornithine metabolism,
valine, leucine, isoleucine biosynthesis, pantothenate, and CoA
biosynthesis were potential target pathways with a high impact
and low false discovery rate.

Fermentation Test Results

The citric acid cycle is a cyclic reaction system composed of a
series of enzymatic reactions, with the condensation reaction of
acetyl-CoA and oxaloacetic acid as the initial reaction. Because
acetyl-CoA is the common key substance of the citric acid cycle
and monacolin K synthesis, it is speculated that the regulatory

pathways of the citric acid cycle and monacolin K influence each
other to a large extent. Therefore, we combined the differential
metabolites obtained through metabolomics with the compounds
involved in the citric acid cycle as screening conditions, and we
selected malic acid, fumaric acid, a-ketoglutarate, and citric acid
for fermentation experiment verification. In order to verify the
above speculation, malic acid, fumaric acid, a-ketoglutarate, and
citric acid were added to the original medium, and the change in
the production of monacolin K cultured in the original medium
was detected. Figure 10A shows that malic acid, fumaric acid,
and citric acid have a promoting effect on the production of
monacolin K. Among them, malic acid and fumaric acid had
significant effects, and a-ketoglutarate inhibited the production
of monacolin K. It was speculated that the accumulation of
a-ketoglutarate inhibited the synthesis of acetyl-CoA, thereby
inhibiting the production of monacolin K. The addition of the
above four kinds of substances in the citric acid cycle had a certain
influence on the synthesis of monacolin K, which also proved
the mutual influence and effect of the citric acid cycle and the
synthesis of monacolin K (Figure 10B).

DISCUSSION

The PCA and supervised PLS-DA were used in the multivariate
analyses for this study. The PCA was a statistical analysis method
for mastering the main contradictions of things. It could analyze
the main influencing factors from multiple things, reveal the
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FIGURE 9 | KEGG pathway analysis diagram.

essence of things, and simplify complex problems. The purpose
of calculating the principal components was to project high-
dimensional data into a lower-dimensional space to simplify
the data and reduce the dimensionality. PCA is a multivariate
statistical method that converts multiple variables into a few
principal components (i.e., comprehensive variables) through
dimensionality reduction technology. It is an unsupervised
pattern recognition method.

Another common method of pattern recognition is the
“supervised” pattern recognition method, which is a multivariate
statistical method that first uses a set of samples or classifications
with known results to establish a mathematical model and then
uses several sets of independent and effective data to evaluate.
PLS-DA has more obvious advantages than principal component
analysis, that is, PLS has one more dependent variable “response”
matrix than principal component analysis (PCA), so it has a
predictive function.

The citric acid cycle is a key process in most plants, animals,
fungi, and many bacteria (Enrique et al., 1996; Korla and Mitra,
2014; Wang et al,, 2019). It consists of eight steps catalyzed by
several enzymes. The citric acid cycle is initiated when acetyl-
CoA reacts with oxaloacetate to form citrate. Acetyl-CoA is a
common substance in the citric acid cycle and monacolin K
biosynthetic pathways (Hajjaj et al., 1999). Accordingly, these
two pathways may interact. Biotin participates extensively in
the metabolic pathways of the three major nutrients as a
coenzyme of acetyl-CoA. Under ammonium restriction, different
proteins affecting the production of Monascus pigments mainly
impact the glycolytic pathway, citric acid cycle, and fatty acid
metabolic pathways.

A total of 6 differential metabolites related to the citric
acid cycle were identified (fold-change > 2, VIP > 1, p
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FIGURE 10 | (A) Effect of differential metabolite on the yield of monacolin K (*
represents p < 0.05) and (B) schematic diagram to summarize the proposed
model for the relationship among the citric acid cycle, acetyl-CoA, monacolin
K, and any other metabolites.

< 0.05) between NG8 and G8, including fumaric acid, L-
malic acid, oxoglutaric acid, cis-aconitic acid, citric acid, and
thiamine pyrophosphate. The citric acid cycle acts as a central
link between the metabolism of carbohydrates, lipids, and
amino acids (Buchanan and Arnon, 1990). The metabolism
of carbohydrates, lipids, and amino acids can produce acetyl-
CoA, the initial substance in both the citric acid cycle and
monacolin K biosynthetic pathways, as indicated above. Citric
acid can promote the synthesis of monacolin K and influence
the mycelial growth of Monascus. According to the previous
experimental results, the addition of citric acid to the medium
can increase the surface wrinkles of mycelium, and when the
concentration of citric acid is 0.1%, the production of monacolin
K is significantly increased, which is 2.7 times higher than that
of the original medium. In addition, oxoglutaric acid is an
intermediate metabolite in the citric acid cycle and a precursor
for the synthesis of glutamic acid. In our study, the yield of
monacolin K increased following the addition of glutamic acid.
As shown in Table 3, the peak areas of fumaric acid, L-malic
acid, cis-aconitic acid, citric acid, and thiamine pyrophosphate
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TABLE 3 | Differential metabolites of the citric acid cycle between G8-NG8.

Compound name Query mass VIP Delta Subclass KEGG ID Peak area in G8 Peak area in NG8
(ppm)

Fumaric acid 114.9919 2.7177 103 Dicarboxylic acids and derivatives C00122 222,940 346,850
L-Malic acid 133.0141 1.1576 1 Beta hydroxy acids and derivatives C00149 6832 7701
Oxoglutaric acid 145.0146 1.6621 3 Gamma-keto acids and derivatives C00026 12,330 16,923
cis-Aconitic acid 173.0074 1.6026 10 Tricarboxylic acids and derivatives C00417 12,083 10,545
Citric acid 191.0201 1.5945 2 Tricarboxylic acids and derivatives C00158 40,736 64,824
Thiamine pyrophosphate 424.0083 1.6915 69 Pyrimidines and pyrimidine derivatives C00068 18,584 20,018
decreased after the addition of glutamic acid. We hypothesized = materials, further inquiries can be directed to the
that the addition of glutamic acid inhibited the citric acid cycle,  corresponding author/s.
and more acetyl-CoA was used in the synthesis of monacolin K.

A total of 12 differential metabolites related to monacolin K ~ AUTHOR CONTRIBUTIONS

were identified (fold change > 2, VIP > 1, p < 0.05) between
NG8-G8-NG12-G12, including farnesyl pyrophosphate,
natamycin, alpha-solanine, geranylgeranyl-PP, flavin
mononucleotide, fumaric acid, L-malic acid, oxoglutaric acid,
cis-aconitic acid, citric acid, dTDP-d-glucose, and 4,6-dideoxy-
4-ox0-dTDP-d-glucose. Among these, farnesyl pyrophosphate,
and geranylgeranyl-PP are non-fatty intermediate products in
cholesterol synthesis (Takahashi, 1982). HMG-CoA reductase
is an early rate-limiting enzyme in cholesterol synthesis, and
monacolin K is a competitive inhibitor of HMG-CoA reductase
(Chen and Hu, 2005; Niknejad et al., 2007). This is the first
untargeted metabolomic profiling analysis of Monascus under
different culture conditions by UPLC-Q-TOF-MS. In pathway
analysis of differential metabolites using the KEGG database,
we identified the citric acid cycle, biotin metabolism, alanine,
aspartate, and glutamate metabolism as key pathways underlying
differences among groups. Six differential metabolites related
to the citric acid cycle were detected, including fumaric acid,
L-malic acid, oxoglutaric acid, cis-aconitic acid, citric acid,
and thiamine pyrophosphate. Five substances other than
cis-aconitic acid decreased with the addition of glutamic
acid. This study improves our understanding of secondary
metabolites in Monascus in different culture conditions and
benefits of Monascus in the food and pharmaceutical industries.
Combined application of different “-omics” approaches, such
as proteomics, metabolomics, and transcriptomics, can provide
a more comprehensive view of the biochemical response in
future studies.
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The genus Monascus has important economic and ecological values. In 2016,
we isolated a strain M. sanguineus. After studying the phylogenetic relationship of
Monascus, we believe that M. sanguineus is an independent species and speculate that
it is a natural nothospecies. Recently, the morphological characteristics and sequences
of seven genes (ITS, LSU, B-tubulin, calmodulin, RNA polymerase Il subunit, p-ketoacyl
synthase, and mating-type locus 1-1) of 15 Monascus strains were analyzed, including
sequencing of multiple clones of five protein genes in four M. sanguineus strains. Two
types of haplotypes (A and B) were observed in the five protein genes of M. sanguineus.
Haplotype A was closely related to M. ruber, and haplotype B may be derived
from an unknown Monascus species. The results demonstrated that M. sanguineus
including type strains may be a natural nothospecies. This study laid the foundation for
further exploration of the M. sanguineus genome, and the study may be of significant
importance for the Monascus fermentation industry.

Keywords: Monascus sanguineus, phylogeny, morphology, nothospecies, fungi, natural pigment, industrial strain

INTRODUCTION

Monascus spp. are filamentous fungi first described by a French scientist Van Tieghem (1884).
Having medicinal as well as edible uses, Monascus has been used in China for nearly 2000 years. Its
use can be dated back to the Han dynasty (BC 202-AD 220). As a characteristic species, Monascus-
fermented rice (also known as red yeast rice, a rice-based fermentation product) is widely consumed
throughout East Asia and has a profound impact on local life and culture. Monascus has received
worldwide attention because of its diverse products and rich beneficial metabolites. Its distribution
ranges from the Korean Peninsula to the Malay Archipelago, and it is even spread globally (Lee
and Pan, 2011, 2012; Shi and Pan, 2012; Chen et al., 2015). In industrial production, Monascus has
three principal applications or products: starter culture (as a starter in various food fermentations),
Monascus-fermented rice (as a food supplement), and functional food, which are widely used in
brewing, food coloring, and healthcare industries. Monascus is an important source of numerous
types of hydrolytic enzymes required in fermentation of foods (including red rice wine, red rice
vinegar, Chinese spirits, fish paste, and fermented tofu). The beneficial secondary metabolites
produced by Monascus mainly include Monascus pigments (food colorants and condiments),
biofunctional components (including monacolins, y-amino butyric acid, and dimerumic acid)
(Feng et al., 2012; Hsu and Pan, 2012; Vendruscolo et al., 2014; Mérillon and Ramawat, 2017), and
citrinin (safety disputed because of renal toxicity) (Kim et al., 2010; Li et al., 2012, 2015). More than
one billion people have been estimated to eat Monascus-fermented products daily, with the most
popular product being Monascus-fermented rice (Yang et al., 2015). Additionally, researchers have
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found that Monascus has a mutually beneficial symbiotic
relationship with some bees, indicating its important ecological
value (Menezes et al., 2015; Barbosa et al., 2017).

The genus Monascus belongs to the family Aspergillaceae
and order Eurotiales. It contains 36 species; however, many
of them are considered synonymous (Shao et al., 2011, 2014).
Based on the study by Barbosa et al. (2017), we preliminarily
unified the phylogenetic relationships of the species within the
genus Monascus and confirmed that Monascus includes the
Rubri and Floridani sections. The Rubri section consists of
three species and three varieties; the Floridani section consists
of seven species, and additionally, one species speculated to
be a natural nothospecies was found (He et al., 2018). In this
study, to improve the phylogenetic relationship within Monascus
and identify the parents of suspected nothospecies, we analyzed
the sequences of the internal transcribed spacer (ITS), large
subunit (LSU), beta-tubulin (BenA), calmodulin (CaM), RNA
polymerase II subunit (RPB2), beta-ketoacyl synthase (pksKS),
and mating-type locus 1-1 (MATI-1) in 15 strains of Monascus.
Based on a polyphasic approach combining sequence data
with macroscopic and microscopic characters, it is speculated
that M. sanguineus may be a natural nothospecies; M. ruber
is one of its parents, and the other parent may be an
unknown species.

MATERIALS AND METHODS

Strains

The strain M. sanguineus (CGMCC 3.19000 = RJL03) was
isolated from the medicinal plant Rehmannia glutinosa.
M. purpureus (Han01) was isolated from the commercially
available Fujian (China) red yeast rice. The strain M. sanguineus
(SICC 3.292) was purchased from the Sichuan Center of
Industrial Culture Collection (SICC,!, China), and the
remaining 12 Monascus strains were purchased from the
China General Microbiological Culture Collection Center
(CGMCC,?, China).

Cultivation and Morphological Analyses

For observing the colonial morphology, the 15 strains (Table 1)
were cultured in three points on potato dextrose agar (PDA),
malt extract agar (MEA), and Czapek yeast extract agar (CYA)
plates at 30°C for 7 days. Macroscopic characteristics such
as soluble pigments, color of the mycelium, and obverse and
reverse colony colors were studied. Single colony diameters
were measured after incubation for 7 days, and the average
growth rate was calculated. The hyphae were observed by
the transparent tape method using an optical microscope.
A drop of lactophenol cotton blue stain was placed on a
glass slide. The hyphae were adhered to a transparent tape.
Ethanol was added dropwise to the surface of the hyphae, and
they were placed on the slide with the drop of stain. The
stain solution was added dropwise on the surface of the tape,

Uhttp://www.sc-sicc.org.cn/
Zhttp://www.cgmcc.net/

which was later covered with a coverslip. Scanning electron
microscopy revealed that the strains were cultured by insert
coverslip. After the hyphae were climbed, the coverslips were
gently removed for treatment. The coverslips with hyphae
were fixed in 2.5% glutaraldehyde for more than 4 h and
further rinsed 3 times with phosphate buffer. The coverslips
with samples were dehydrated with graded concentrations of
ethanol (50, 70, 80, 90, 95, and 100%) for 20 min for each
concentration, transferred to pure isoamyl acetate for 1 h,
and coated with gold-palladium. After pretreatment of the
samples, morphological characteristics such as size, shape, and
pigmentation of conidia, conidiophores, ascomata, asci, and
ascospores were observed under the BME Biooptical microscope
(Shanghai Leica Microsystems Co., Ltd., China) and SM-5600LV
low vacuum scanning electron microscope (Japan Electronic
Co., Ltd., Japan).

DNA Extraction, Amplification, Cloning,

and Sequencing

Strains were grown on MEA for 7-14 days prior to DNA
extraction. Genomic DNA was extracted using Fungi Genomic
DNA Extraction Kit (Beijing Solarbio Science and Technology
Co., Ltd., China) as per the manufacturer’s instructions. DNA
was amplified through polymerase chain reaction (PCR) using
seven pairs of primers for seven genes (Supplementary Table 1).
According to our study, cloning of PCR products was not
required except for five protein genes in four M. sanguineus
strains. At least 10 clones were randomly selected for each
sample using the blue-white selection system, and both
regular and clones were sequenced (Sangon Biotech Co., Ltd.,
Shanghai, China).

Sequence Alignment and Phylogenetic

Analyses

Contings were assembled using the forward and reverse
sequences with the SeqMan v.7.1.0. Analysis of homology
of amplified products was studied using Blastn. Further, the
sequences generated in this study were submitted to GenBank via
the web tool BankIt or Sequin program. Sequence datasets were
generated by combining the 197 newly generated sequences and
44 sequences that we deposited from GenBank (Supplementary
Table 2). Sequence alignments were performed in MAFFT?
and were manually optimized using MEGA 7. The best
substitution model for each partition was inferred with the
program MrModeltest 2.3. Phylogenetic trees were constructed
through maximum likelihood (ML) analysis in raxmlGUI 1.5
using the GTRGAMMA substitution model and 1000 bootstrap
replicates. Bayesian inference (BI) in MrBayes v.3.2.1 was
performed using the Markov Chain Monte Carlo (MCMC)
algorithm. Sequence format conversion was performed using
Mesquite 3.10. Individual alignments were concatenated using
Sequence Matrix v.1.7.8 for multilocus phylogenetic analyses.
Each gene was analyzed separately, and further, two sequences
with the highest rate of the two haplotypes were selected.

3https://mafft.cbre.jp/alignment/server/
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TABLE 1 | Strains used in this study.

Species Strain numbers

Substrate Location and date

CBS 135.60 = CGMCC 3.4701 NT
CGMCC 3.2093

FWB13

CGMCC 3.568 T

CBS 109.07 = CGMCC 3.5833 T

Monascus ruber

M. ruber

M. ruber

M. ruber var. albidulus
M. purpureus

M. purpureus YY-1

M. purpureus HanO1

M. purpureus var. rutilus CGMCC 3.2636 T

M. purpureus var. aurantiacus CGMCC 3.4384 T

M. sanguineus IMI 356821 = CGMCC 3.5845 T
M. sanguineus SICC 3.292

M. sanguineus CGMCC 3.2848

M. sanguineus CGMCC 3.19000 = RJLO3

M. floridanus CBS 142228 = CGMCC 3.5843 T
M. pallens CBS 142229 = CGMCC 3.5844 T
M. lunisporas CBS 142230 = CGMCC 3.7951 T
M. argentinensis CBS 109402 = CGMCC 3.7882 T
M. mellicola CBS 142364 T

M. recifensis CBS 142365 T

M. flavipigmentosum CBS 142366 T

Penicillium eremophilus CBS 123361 T

P, verrucosum CBS 603.74 T

P, polonicum CBS 222.28 T

Soil India, 1884

Guizhou, China, 1961
Fujian, China, 2015
Liaoning, China, 1952
Indonesia, 1895
China, Unknown
Fujian, China, 2018
Fujian, China, 1961
Anhui, China, 1980
Iraq, 1995

Sichuan, China, 1960
Guangdong, China, 1970
Henan, China, 2016
United States, 1987

Fermented grain

Red yeast rice

Fermented wheat grain
Fermented rice grain

Food coloring Commercial strain
Red yeast rice

Fermented grain

Fermented grain

River sediment

Fermented grain

Fermented grain

Tuber of Rehmannia glutinosa
Sand pine roots

River sediment Irag, 1995
Moldy feed for race horses Japan, 1998
Soil Argentina, 2004
Honey of Melipona scutellaris Brazil, 2017
Pollen of Melipona scutellaris Brazil, 2017
Inside nest of Melipona scutellaris Brazil, 2017
Moldy prunes Australia, 1988
Unknown source Belgium, 1901
Soil Poland, 1927

T, type strain; NT, neotype strain; CBS, Culture collection of the Westerdijk Fungal Biodiversity Institute (formerly known as Centraalbureau voor Schimmelcultures), The
Netherlands; CGMCC (AS), China General Microbiological Culture Collection Center (formerly known as Chinese Academy of Sciences), China; SICC, Sichuan Center of
Industrial Culture Collection, China, IMI, International Mycological Institute, United Kingdom.

Data partitioning was performed to construct a multigene
phylogenetic tree.

RESULTS AND DISCUSSION

Evidence for M. sanguineus as a Natural

Nothospecies

Our analysis revealed two well-supported sections (Rubri and
Floridani) in Monascus. Seven lineages are present in the section
Floridani and these lineages are treated as separate species.
M. purpureus, M. sanguineus, and M. ruber are located in the
section Rubri. Also, the results of this study demonstrated that
four M. sanguineus strains including the type strain may be
natural nothospecies (not found in previous research data).
Additionally, two types of haplotypes (A and B) were found
after cloning and sequencing of five protein genes. Haplotype
A was closely related to M. ruber. Haplotype B may be
derived from an unknown Monascus species (Figure 1 and
Supplementary Figure 1). Haplotype B had a much higher red-
pigment-producing ability than its suspected parent M. ruber,
but its growth rate was lower than that of M. ruber. Thus, it
was speculated that the yet unknown parent (Monascus sp.)
of haplotype B confers the ability to produce red pigment.
Additionally, the heterozygosity of the four M. sanguineus strains
was notably different. For example, we had not cloned haplotype
A of the strain CGMCC 3.5845; all SNPs were only observed

at the corresponding sites in the direct sequencing of the five
protein genes, and the two types of haplotypes between each
hybrid strain were not completely consistent. For example, the
results of cloning and sequencing demonstrated that the f-
tubulin (BenA) gene of strain CGMCC 3.2848 had five haplotypes
A and five haplotypes B (Supplementary Figure 2). For better
understanding, an example of yeast (Saccharomyces) can be
considered, which is similar to the M. sanguineus hybrid and has
been studied in detail. The allopolyploid hybrid S. pastorianus
was once considered the synonym of its parent strain S. cerevisiae;
however, the parent strain S. eubayanus, with its most important
low-temperature fermentation characteristics, was discovered
after a long period (Bing et al., 2014; Wendland, 2014). Simple
tests, such as DAPI staining to examine karyotypes and qPCR to
assess fold changes in gene copy number, can be used to analyze
the difference between chromosome ploidy in M. sanguineus and
M. ruber (Waalwijk et al., 2018). It is speculated that in the
previous study, the ribosomal ITS and LSU gene sequences could
not distinguish between the hybrids M. ruber and Monascus
sp., probably because in the chromosome of the hybrid, the
chromosome containing the ribosomal RNA gene (rDNA) cluster
from the M. ruber parent was substantially lost or reduced in
length after hybridization. Referring to this example, to reflect
the characteristics of M. sanguineus as a hybrid, we describe it
as an independent species (M. sanguineus). The official DNA
barcode for the fungal ITS region can recognize all Monascus
species (including M. purpureus and M. sanguineus), but larger
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: M. ruber CGMCC 3.4701 T
Monascus combined
ITS+LSU+BenA+Cal+RPB2+pksKS+MATI-1 Monaseus. ruber Bl
Bayes/RAXML M. ruber var. albidulus CGMCC 3.568 T
1/98 | M. ruber CGMCC 3.2093
Monascus sp. SICC3.292 (A)
s 5_J Monascus sp. CGMCC 3.2848 (A)
0.92/78 |1
Monascus sp. CGMCC 3.2848 (B
1/100 2
M. purpureus CGMCC 3.5833 T
M. purpureus YY1
1/100' M. purpureus Han01
1/100 M. purpureus var. rutilus  CGMCC 3.2636 T
—_ 1/95
0.05
P. polonicum CBS 22228 T
1/100 [~ Penicillium eremophilus  CBS 12336

1/100 Y= P. verrucosum CBS 603.74 T

FIGURE 1 | Phylogeny of Monascus. Phylogenetic tree constructed from Bayesian analysis of the concatenated sequences of five protein genes (BenA, CaM,
RPB2, pkskKS, and MAT1-1) and two ribosomal RNA genes (ITS and LSU) with a total length of 6,983 bp. Posterior probabilities from Bayesian analysis/bootstrap
percentages from 1,000 replicates of maximum likelihood analysis are shown on major branches. The right side of the figure is the cultural characters and scanning
electron microscope structural of the strains indicated by the arrow. For the sake of illustration, the M. sp. CGMCC 3. 5845 (A) in the figure are manually

supplemented.

M. purpureus var. aurantiacus CGMCC 3.4384 T

sequence variations can be observed in the BenA gene. Therefore,
we suggest that the BenA gene can be used as a secondary barcode
for the identification of Monascus species, besides the methods
based on morphological features (Barbosa et al., 2017).

Natural hybridization is very common in flowering plants.
Approximately 25% of plant species are reported to hybridize
with other species (Arnold, 1992; Mallet, 2005). Natural
hybridization plays an important role in speciation, genetic
exchange, and adaptive evolution. However, it can also lead to
the extinction of rare species or generate super invasive species
(Hegarty and Hiscock, 2007; Zhuang et al., 2019). M. sanguineus
(CGMCC 3.5845) was first isolated from the sediments of the
Arab River in Iraq in 1995 (Cannon et al., 1995) and was
later reported in an Indian plant Punica granatum (Rashmi
and Padmavathi, 2014). The SICC 3.292 strain was isolated
from fermented grain in Sichuan Province in 1960, and the
RJLO3 strain was isolated from the plant Rehmannia glutinosa
in our laboratory (He et al,, 2019). Four M. sanguineus strains
from different sources used in this study showed hybridization,
indicating that hybrids may not have occurred by artificial
breeding but by natural hybridization. However, the origin

of its formation still needs to be studied. M. sanguineus
was considered to be the synonym species of M. purpureus.
This study demonstrated that M. ruber may be one of its
parents, and there are some significant differences among the
four M. sanguineus strains. We compared the morphological
characteristics of two different M. sanguineus strains (CGMCC
3.5845 and CGMCC 3.2848) with M. ruber (CGMCC 3.4701)
and M. purpureus (CGMCC 3.5833); the results showed that
the morphological structure of the ascomata, ascospores, and
conidium of the two hybrid strains was different from that
of M. ruber and M. purpureus, but it was close to that of
M. ruber (Table 2). Additionally, a significant difference was
observed between the two hybrids; the three M. sanguineus
strains grew faster than the type strain CGMCC 3.5845
(Supplementary Figures 3, 4).

Urgent Need to Study the M. sanguineus

Genome
With the sequencing of the M. pilosus genome in 2004, the
study on Monascus has entered the era of genomics (data not
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TABLE 2 | Morphological characteristics of some tested strains of Monascus.

Strain Ascomata (. m) Ascospore (. m) Conidium (i m) Mycelium (i m) Growth rate (mm/d)
CGMCC Hyaline or orange Ellipsoidal Rough reticulate, globose to Single or up to 9 Hyaline or light 4.66

3.4701 25-40 4.5-55 x 55-7 obpyriform 8-14 x 10-18 conidia in chain brown, Oleous 3-6

CGMCC Hyaline or reddish Ellipsoidal Smooth, globose to obpyriform Single or up to 5 Hyaline or light 3.07

3.5833 25-65 4-5.5 x 5-7 8-10 x 10-12 conidia in chain brown, Oleous 3-5

CGMCC Brown 32-60 Ellipsoidal Rough reticulate, globose to Single or up to 10 Hyaline or reddish, 2.80

3.5845 6-8 x 5.5 obpyriform 10-14 x 8-10 conidia in chain no oleous 3-4

CGMCC Brown or reddish Ellipsoidal Rough reticulate, globose to Single or up to 10 Hyaline or reddish, 4.56

3.2848 32-70 6-7.5 x 4-5 obpyriform 8-16.5 x 7.5-14 conidia in chain no oleous 3-6

shown). Genomic sequencing of M. ruber (M7, NRRL 1597)
and M. purpureus (NRRL 1596, YY-1) was completed. The
average genome size was found to be 24.04 Mb, containing
7 or 8 chromosomes. The sketch genome coverage rate was
approximately 95.6%. This gave us a deeper understanding
of the physiology of Monascus and revealed new methods
for strain improvement (Chen et al., 2015; Yang et al., 2015;
Ding et al, 2016). However, only a few genes have been
sequenced in M. sanguineus, and characteristics of the whole
genome (genome size, chromosome number, and precise
structure) remain undiscovered. We suggest that first, the
genome of M. sanguineus should be sequenced, its ploidy
should be determined, and comparative genomics studies
should be conducted to compare its genomic sequence
with that of other Monascus species (especially M. ruber
and M. purpureus). Further, the structural features of two
subgroups of hybrids (A and B subgenomes), the homology
of the M. sanguineus subgroup and M. sanguineus should
be analyzed, and it should be determined whether M. ruber
is the ancestor of the M. sanguineus subgroup A while
investigating the donor parent of subgroup B. In addition
to its economic value, Monascus genomics research plays an
important role in recognizing structural variability, integrating
phenotype-genotype association, understanding the origin and
evolution of the Monascus genome, and elucidating the genetic
structure of some important traits. A comparative genomic
study of Monascus species will enrich the knowledge about
Monascus genetics and biology. Additionally, as an industrial
strain, Saccharomyces has been studied in more detail; hence,
the related research cases can be assessed in the study of
Monascus genomics.

Monascus fermentation and its applications are the driving
forces for research on Monascus. This study demonstrated
that M. sanguineus may be a natural hybrid; we suggest
to describe it as an independent species, and sequence
analysis of its whole genome should be performed. In recent
years, to analyze the regulation of secondary metabolites in
Monascus, molecular biological studies such as those related
to genes (clusters) of the main secondary metabolites of
Monascus, biosynthetic pathways, and regulatory mechanism
have made significant progress (Chen et al., 2017). At present,
we can improve the production of beneficial metabolites of
Monascus through strain selection, optimization of fermentation
conditions, and genetic modification and effectively eliminate
or reduce the content of citrinin in Monascus products.

The completion of Monascus genome sequencing will greatly
promote the studies on various aspects of Monascus, by
which we can better understand the fermentation characteristics
of different strains and molecular mechanisms underlying
metabolite production and clarify the breeding and genetic
transformation of Monascus strains. This will be beneficial
for the Monascus fermentation industry. During the era of
molecular biology, the aim was to establish the connection
between Monascus genetics and biological performance. The
studies on Monascus genomics will eventually boost Monascus
research to a global level with clear goals. In the foreseeable
future, the combination of genomics and molecular biology
techniques will play a major role in Monascus research
(Chen et al., 2015).
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Japanese soy sauce has become more acceptable by Chinese consumers due
to its umami taste. However, the volatile flavor compounds and taste characters
have not been fully clarified. This study aimed to explore the flavor characteristics
of three kinds of Japanese soy sauce, including Koikuchi Shoyu, Usukuchi Shoyu,
and Amakuchi Shoyu. The secret of volatile flavor substances was investigated by
Gas Chromatography-Mass Spectrometry (GC-MS) and electronic nose, while taste
compounds were investigated by silylation GC-MS and electronic tongue (E-tongue).
A total of 173 volatile flavor substances and 160 taste compounds were identified. In
addition, 28 aroma compounds with odor activity values (OAV) > 1 were considered
as the typical flavors. We found that alcohols and aldehydes were in high abundance
in Japanese soy sauce, but only a small portion of pyrazines and esters were. Based
on electronic nose and GC-MS analysis, Koikuchi Shoyu gives more contribution to
aroma compounds, while Usukuchi Shoyu and Amakuchi Shoyu give the sourness and
sweetness features based on E-tongue and silylation GC-MS analysis. In this study, 50
kinds of sugars were detected that contributed to the sweetness of soy sauce. This
study will provide new insight into the flavor characteristics of Japanese soy sauce that
potentially contribute to the innovation and development of soy sauce.

Keywords: soy sauce, flavor, taste, GC-MS, aroma

INTRODUCTION

Soy sauce, produced mainly in China or Japan, is widely consumed as a food condiment or
seasoning in Asian countries and other neighboring countries, to improve the appetite, desirable
flavor, and digestion. The quality of soy sauce may determine its acceptability to consumers,
which has given manufacturers a new challenge. Nowadays, Japanese soy sauce has attracted more
attention due to its unique and high-quality flavor. The fermentation method of soy sauce has been
modified in Japan, but it is still traditional in China today. Japanese soy sauce has improved the
brewing process, which has been introduced in some factories in China.
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Soy sauce is commonly made from soybeans and wheat,
fermented by Aspergillus oryzae for koji, with the addition of 18%
saline water for moromi. Lactobacilli and yeast are selectively
used during moromi fermentation (Kataoka, 2005). Three typical
varieties of Japanese soy sauce favored in different areas of
Japan, such as Koikuchi Shoyu (eastern Japan), Usukuchi Shoyu
(midwestern Japan), and Amakuchi Shoyu (southern Japan), are
well recognized by Chinese consumers. Furthermore, these kinds
of soy sauce can be easily purchased in China from offline
or online markets, such as Taobao. Koikuchi Shoyu is dark-
colored with a slightly fruity flavor and is made from a high
percentage of soybeans, which reduces fishy and meaty smells
in cooking. It is suitable for stew meat and barbecue seasoning.
Usukuchi Shoyu has a lighter color and saltier taste than Koikuchi
Shoyu. It is commonly used for udon noodle soup, chawanmushi,
and simmered seasoning (nimono). Amakuchi Shoyu is a light-
colored and sweet soy sauce that represents an ideal match with
seafood seasoning. However, the differences in flavor compounds
lead to a complicated usage scale of these kinds of soy sauce.

Several important aroma compounds of soy sauce have
been detected. 5(or 2)-ethyl-4-hydroxy-2(or 5)-methyl-3(2H)-
furanone (4-HEMF), a caramel-like aroma, is one of the most
essential aroma compounds in soy sauce, and it was also
detected in Koikuchi Shoyu and Usukuchi Shoyu (Kaneko
et al., 2012). Volatile phenols such as 4-vinylguaiacol (4-VG)
and 4-ethylguaiacol (4-EG) are produced by Candida versatilis
during moromi fermentation (Suezawa and Suzuki, 2007). In
our previous study, some typical fragrant compounds with
aromatic rings, such as phenylacetaldehyde, 2-phenylethanol,
and phenylethyl acetate, accounted for a large proportion of the
flavors of traditional Chinese-type soy sauce (Zhao et al., 2020).
To date, over 400 flavor compounds have been detected in soy
sauce, and other more important flavors are continually being
discovered (Meng et al., 2014). The flavor and taste compounds
of the three kinds of Japanese soy sauce were not fully clarified
in the previous study. Therefore, this investigation of the flavor
and taste is necessary and will help us to improve the flavor of
our products. The research will contribute to the innovation of
traditional industries in China.

In this study, an electronic nose and electronic tongue (E-
tongue), combined with GC-MS, were used to determine the
secret of volatile flavor substances and taste compounds of
Koikuchi Shoyu, Usukuchi Shoyu, and Amakuchi Shoyu, which
could uncover the mystery of Japanese soy sauce for different
kinds of dishes.

MATERIALS AND METHODS

Materials

Three kinds of Japanese soy sauce were purchased online
(Taobao) and divided into three groups. Koikuchi Shoyu was
named S1, Usukuchi Shoyu S2, and Amakuchi Shoyu S3. GC-
grade of 2-octanol and N,O-bis(trimethylsilyl)trifluoroacetamide
and trimethylchlorosilane (BSTFA + 1% TMCS, 99:1) were
purchased from Sigma (Sigma Aldrich Co., St. Louis, MO,
United States). N, N-dimethylformamide (DMF) (99%)

was purchased from damas-beta (Adamas Reagent, Ltd.).
Heptadecanoic acid (98%) was purchased from Alfa Aesar
(Ward-Hill, MA, United States).

Electronic Nose Analysis

Portable electronic nose 3 (PEN 3, Airsense Co., Germany),
which assembles 10 sensors for different application targets, was
applied for detection. A soy sauce sample (5 ml) was carefully
transferred into the sealed bottle for electronic nose (E-nose)
detection and then soaked in a water bath (50°C) for 20 min.
The cleaning process was maintained for 220 s to exclude
impurities. After being cleaned to the baseline, the samples were
detected and persisted for 120 s until sensors reached stable
values. The headspace flavor compounds were pumped into the
sensor chamber at a constant rate of 300 ml/min. The cleaning
procedure was repeated after completion of the detection. Each
sample was carried out in triplicate.

GC-MS Analysis

A soy sauce sample (5 ml) was carefully transferred into a bottle
with sufficient headspace (20 ml) with a small magnetic stir bar.
Compound 2-octanol was selected and injected into the bottle as
the internal standard substance. Then, the bottle was soaked in a
water bath (60°C) with a magnetic stirring apparatus (250 rpm)
(IKA, RCT Basic, Staufen, Germany). After 30 min balancing,
the cap seal was punctured by a 50/30 wm DVB/CAR/PDMS
extraction fiber (Supelco, Inc., Bellefonte, PA, United States),
which was exposed above the soy sauce sample for absorption
for 30 min. Then, the solid-phase microextraction (SPME) fiber
was removed and inserted into the heated injector of GC-
MS (QP2010 Ultra, Shimadzu Co., Kyoto, Japan) with 15 min
desorption time. The separation was performed with a low-
polarity Rtx-5ms column (30 m x 0.25 mm X 0.25 pm) (Restek
Co., Bellefonte, PA, United States). The column temperature was
programed at 40°C for 3 min and then increased to 150°C at a
rate of 4°C/min for 1 min. At the final stage, the temperature
was increased to 250°C at a rate of 8°C/min for 6 min with the
nitrogen as the carrier (N2 99.99%, 3.5 ml/min). The ionization
voltage of the mass spectrometer (MS) was set at 70 eV. The
test voltage was 0.8 kV, and the scan area was 29-500 u. Flavor
compounds were identified based on RI by comparing the
experimental spectra of reference standards with matches in the
standard NIST 17 library. The similarity of flavor compounds was
detected over 80% of the standard spectra library.

Electronic Tongue Analysis

Electronic tongue Taste-Sensing system SA 402B (Intelligent
Sensor Technology Co. Ltd., Japan) equipped with five test
sensors (CA0, C00, AE1, CTO, and AAE) and two reference
electrodes Cai was used in this study following Cai et al. (2020).
The taste sensors were, namely, CAO specific for sourness, C00
for bitterness and aftertaste bitterness (aftertaste-b), AE1 for
astringency and aftertaste astringency (aftertaste-a), CTO for
saltiness, and AAE for umami and richness (aftertaste of umami).
The sensor array was initially immersed into a sample (30 ml)
as the reference solution, then continuously treated into other
sample solutions for 120 s. The sensor array was rinsed with
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a sensor cleaning solution containing 5% ethanol until a stable
potential was obtained. Each sample was carried out in triplicate.

Silylation Derivatization Procedure and
GC-MS Detection

A soy sauce sample (50 pl) was transferred into a 1.5 ml EP tube
and frozen for 6 h at -80°C, and then treated by vacuum freeze-
drying for 12 h. DMF (100 1) (Sigma, United States) was added
to dissolve the freeze-dried sample. The mixture was treated
by an ultrasonic oscillator (YH-200DH, Shanghai, China) for
15 min and then vibrated with a vortex oscillator (Vortex-Genie
2, United States) for 5 min to make the sample fully dissolved.
Finally, the sample was centrifuged at 12,000 rpm for 3 min. The
supernatant (50 pl) was transferred into a new EP tube and then
mixed with 100 pl N,O-Bis(trimethylsilyl)trifluoroacetamide
with 1% trimethylchlorosilane (BSTFA + 1%TMCS, 99:1) (Sigma,
United States) and 5 ] heptadecanoic acid solution (the internal
standard substance, dissolved in DMF solution, 10 mg/ml). After
being heated in the water bath (70°C) for 2 h, 1 pl sample was
absorbed after cooling down to the room temperature for GC-MS
analysis (Agilent Technologies, Santa Clara, CA, United States).
Helium was used as a carrier gas at a constant flow rate of
1 ml/min. Oven temperature was maintained at 70°C for 8 min,

programed at 3°C/min to 190°C and then raised to 300°C with
a rate of 10°C/min and held for 11 min. The MS was operated
in electron impact mode with the electron energy set at 70 eV
and a scan range of 43-1,000 m/z (scan rate: 4.37 scans/sec, gain
factor: 1, resulting EM voltage: 1,188 V). The temperatures of MS
source and quadrupole were set at 230 and 150°C, respectively.
The components of the compounds were preliminarily identified
according to the published data, retention time, and mass spectra
of real compounds. The substances with a similarity of more than
70% were selected.

Statistical Analysis

All tests were conducted in triplicate; significant differences
were tested by analysis of variance (ANOVA) using SPSS
17.0 (SPSS Statistics, Chicago, IL, United States) at p < 0.05,
and Tukey’s test was applied to compare average values. Data
analysis of the electronic nose was based on pattern recognition
software (Win Muster) provided by the PEN3 e-nose device
(Schwerin, Germany). Principal component analysis (PCA) was
also achieved by using SPSS 17.0. PLSR analysis was based
on Unscrambler 10.4 (CAMO ASA, Oslo, Norway). The rest
of the other figures were drawn by Origin 8.5 (OriginLab,
MA, United States).
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FIGURE 1 | E-nose analysis of 3 kinds of Japanese soy sauce.
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RESULTS AND DISCUSSION

Koikuchi Shoyu Showed Significant
Contribution in Aroma by E-Nose

Analysis

The total volatile compounds of soy sauce samples were
distinguished by E-nose (Figure 1). PCA and loading analysis
(LDA) were used to discriminate these samples according to the
differences between volatile compounds and signal intensities.
The migration of different samples along principal components
1 and 2 (PC1 and PC2) accounted for 96.04 and 3.36% of
the total variance, respectively (Supplementary Figure 1A).
The measurement results overlapped; however, the degree of
separation between the samples was noticeable. These three
groups of samples were clearly distinguished by LDA, which
showed the significant differences among S1, S2, and S3
(Supplementary Figure 1B). The 10 important sensors were
compared by LDA, which is useful for identifying the important
sensors according to the values of loading parameters for a
particular principal component, which might be responsible for
discrimination in the current pattern file (Gao et al., 2017). W28,
WIS, WIC, W5S, WIW, and W2W had much greater influence

on the current pattern file than the others, with the contribution
of W2S being the most obvious sensor for characterization
(Supplementary Figure 1C). The results showed that Koikuchi
Shoyu had more advantages in aroma than two other Japanese
soy sauce, Usukuchi Shoyu and Amakuchi Shoyu. The W2S
sensor was more sensitive in S1 than others to compounds
such as alcohols, aldehydes, and ketones, indicating that more
oxygenated compounds exist in Koikuchi Shoyu. W5S was
sensitive to nitrogen oxides, which are also indicated in Koikuchi
Shoyu. The relatively high response values of WIW and W2W
in S1 indicate that sulfides play a vital role in Koikuchi shoyu.
Low sensitivity to methane or methyl substances was found in
Koikuchi shoyu, but its benefit remains in the aroma.

Aroma Compounds Were More Typical in
Koikuchi Shoyu by GC-MS Analysis

A total of 173 volatile flavor compounds were detected, including
35 alcohols, 60 esters, 26 aldehydes, 10 acids, 22 ketones, 8
phenols, 4 ethers, and 8 heterocycles (Supplementary Table 1).
Significant differences in the contents of volatile compounds
were found among these soy sauces. Alcohols were the most
abundant volatile compounds in S1 and S3, followed by esters

TABLE 1 | Flavor compounds with OAV > 1 in soy sauce.

CAS Compounds Concentration (mg/l) Odor threshold OAV

S1 S2 S3 S1 S2 S3
112-53-8 1-Dodecanol 0.04 0.14 0.20 0.016 2.28 8.84 12.64
123-51-3 Isoamylol 1.40 0.43 0.75 0.004 351.11 108.20 186.34
137-32-6 2-Methylbutan-1-ol 0.64 0.41 0.0159 40.42 25.75
24347-58-8 (R,R)-butane-2,3-diol 3.90 0.20 0.78 0.0951 41.03 2.15 8.18
505-10-2 3-(Methylthio)-1-propanol 0.22 0.12323 1.81
60-12-8 Phenylethyl alcohol 2.07 2.19 1.66 0.56423 3.67 3.89 2.94
71-41-0 1-Pentanot 0.19 0.15 0.1502 1.29 1.03
104-61-0 gamma-Nonanolactone 0.03 0.03 0.0097 3.13 3.48
105-54-4 Ethyl butyrate 0.00 0.0009 4.23 0.00
108-64-5 Ethyl isovalerate 0.01 0.00001 721.85
141-78-6 Ethyl acetate 1.37 0.36 2.51 0.005 273.53 71.24 502.49
544-35-4 Linoleic acid ethyl ester 0.24 2.03 11.65 0.45 0.58 4.51 25.88
106-32-1 Octanoic acid, ethyl ester 0.08 0.0193 1.59
111-62-6 Ethyl oleate 0.19 1.32 0.87 0.21 1.51
105-57-7 Acetal 0.04 0.11 0.0049 8.10 22.89
112-31-2 Decanal 0.01 0.04 0.04 0.003 3.36 12.82 13.25
122-78-1 Benzeneacetaldehyde 1.35 1.24 1.06 0.0063 213.62 196.75 168.71
3268-49-3 Methional 0.11 0.00045 251.92
590-86-3 Isovaleraldehyde 1.44 0.90 1.64 0.0011 13807.73 819.42 1491.83
66-25-1 Hexanal 0.01 0.005 1.13
78-84-2 Isobutyraldehyde 0.89 0.62 0.0015 596.35 413.57
96-17-3 2-Methylbutyraldehyde 1.57 0.55 1.92 0.001 15665.32 552.94 1922.52
124-19-6 Nonanal 0.02 0.0011 22.61
27538-09-6 HEMF 0.11 0.08 0.07 0.00115 93.53 66.37 64.48
4485-09-0 4-Nonanone 0.31 0.0082 38.26
2785-89-9 4-Ethylguaiacol 1.94 1.16 0.69 0.0695 27.82 16.65 9.99
7786-61-0 2-Methoxy-4-vinylphenol 6.58 4.56 1.44 0.01202 547.32 379.65 120.10
90-05-1 Guaiacol 0.07 0.06 0.00048 151.30 115.86
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and aldehydes. In all, 28 aroma compounds with OAV > 1 were
focused and analyzed by PCA (Table 1). Figure 2 showed the
two-dimensional score plot (PC1 and PC2), which accounted for
58.8 and 41.2% of the variation, respectively. Flavor compounds
were clearly separated, and some typical flavor substances closely
related to the three kinds of Japanese soy sauce were revealed. As
shown in Figure 2, S1 had a significant correlation with HEME,
4-EG, 2,3-butanediol, 3-methylthio-1-propanol, ethyl butyrate,
ethyl isovalerate, methional, and hexanal, while S2 was correlated
with octanoic acid ethyl ester, 4-non-anone, and nonanal. Only
two flavors of linoleic acid ethyl ester and ethyl oleate were
closely related to S3.

4-Hydroxy-2(or 5)-ethyl-5-(or 2)-methyl-3(2H)-furanone
and 2-methylbutyraldehyde give the caramel-like aroma and
malty aroma, respectively, and were detected in all these samples
with high OAV (Lee et al., 2006). These substances could
enhance the flavor performance of soy sauce when used in
cooking. Another typical aroma compound, ethyl butyrate,
a short-chain ester, plays a significant role in soy sauce as
aroma constituents with fruity flavors (pineapple, passion fruit,
and strawberry), which can enrich the flavor of soy sauce
(Rodriguez-Nogales et al., 2005; Kaneko et al., 2012). Ethyl
isovalerate was a derivative of valeric acid found in fruits with
a fruity odor reminiscent of blueberry (Mahmood et al., 2013).

And 3-methylthio-1-propanol contributed a unique burnt,
caramel-like, garlic, and cooked potato aroma to the soy sauce.
Hexanal was positively associated with the cooked grain aroma
(Silva et al., 2010). These aroma compounds may contribute a
significant reason that S1 is favorably used for stew meat and
barbecue condiment.

The Comparison of Aroma Compounds
in Japanese Soy Sauce and Chinese
Traditional Soy Sauce Based on the

Literature

The advantage of the flavor compounds in Koikuchi Shoyu is
described in the previous study (Kaneko et al., 2012). Lots of
alcohols were detected in Japanese soy sauce (Supplementary
Table 1), more than in Chinese traditional soy sauce. The
content of ethanol in Japanese soy sauce is much higher
than Chinese traditional soy sauce (average >three times).
The varieties of aldehydes in Japanese soy sauce are highly
related to the artificially inoculated strains. The formation of the
branched aldehydes, such as isobutyraldehyde, isovaleraldehyde,
and benzeneacetaldehyde with floral and malty flavors, is
probably related to the transamination of the amino acids by
yeast or lactic acid bacteria (Gocke et al., 2007). Pyrazines,

PCA-X Biplot

2

-Methylbutan-1-ol

[ ]
Isobutyraldehyde Isovaleraldehyde S
Linoleic acid ethyl ester
2-Methylbutyrptdehyde thyl oleate
g Isoamylol

M Volatile flavor
Sample

n 1 . ¥ .
§ (R,R)-bytane-2 3-di ] 1-Dodecanol
S hional
= 1 isovalerate
S = 1 bu‘t‘yl ate D 1
' lethylthio)-1-propanol ecani
3
g 1-Pentanol
n nylphenol
< ldehyde
— S2
Octanoic acid, ethyl esterg 4.
| |
— Phenvlethvl-aleohol
1 L uavilryiv Lll_y 1 aivuinvrl
-1 -0.5 0 0.5 1

p(corr)[1], t(corr)[1]
R2X[1]=0.588 R2X[2] = 0.412

FIGURE 2 | Score plot of principal components 1 and 2 for aroma compounds by PCA.
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such as 2,6-dimethylpyrazine, trimethylpyrazine, 2-ethyl-6-
methylpyrazine, 3-ethyl-2,5-dimethylpyrazine, and 2-methyl-
pyrazine—the special compounds with the burnt flavor in
Chinese traditional soy sauce—were relatively higher than in
Japanese soy sauce (Zhao et al., 2020). These compounds may be
attributed to the high temperature during moromi fermentation.
Esters were also found in Chinese traditional soy sauce in
abundance, such as ethyl lactate and triethyl citrate that give it
a fruity flavor. In addition, some esters, such as phenethyl acetate
and ethyl phenylacetate, were unique to Chinese soy sauce (Ding
etal., 2019). Esters are commonly recognized as important flavor
and fragrance molecules in soy sauce due to their typically fruity
smell and high volatility.

Sourness and Sweetness as the

Indicators of Soy Sauce by E-Tongue
Analysis

Electronic tongue quantitatively analyzed the six basic soy sauce
tastes, sourness, bitterness, astringency, saltiness, umami, and
sweetness, by using artificial lipid membrane sensor technology
(Kobayashi et al., 2010). Sensor work time was estimated at
200 s to reach the optimum state for effective evaluation of the
differences of soy sauce samples (Haddi et al., 2014). The box-plot
of all variable sensors is shown in Figure 3. We can see that the
soy sauce samples included in this study display great differences
in the two indicators of sourness and sweetness, and extremely

different values were reached at 4.93 and 5.45, respectively, which
indicate that sourness and sweetness are the main factors in
distinguishing these three types of soy sauce by taste attribute.
The results may be closely related to taste of sugars, amino acids,
fatty acids or organic acids.

Overview of the Silylation GC-MS

Analysis

In this study, a non-targeted analysis of taste components was
performed by silylation GC-MS. A total of 160 non-volatile
compounds were detected, including 10 amino acids, 8 amines,
36 organic acids, 50 sugars, 21 esters, 20 alcohols, and 6 ketones
(Supplementary Table 2). This method was desirable for its
simplicity, precision, and speed, especially for semiquantitative
and qualitative analysis. The significant differences in organic
acids and sugars were consistent with the results of E-tongue,
indicating that fermentation technologies or fermented strains
affect the metabolic carbohydrate features during soy sauce
fermentation (EI Sheikha and Hu, 2020). Stearic acid and palmitic
acid were found to be major components in soy sauce, which
are identified as saturated fatty acids and mainly come from
soybean oil. Generally, the oxides of fatty acids lead to unpleasant
flavor and taste, but the complex system of soy sauce includes
various substances that cover each other up or affect the flavor
jointly. Therefore, the high levels of fatty acids may lead to
a fuller flavor.
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Non-volatile Acid Compounds in Soy
Sauce by Silylation GC-MS Analysis

A total of 33 organic acids were found in soy sauce by
silylation GC-MS. Although the total organic acid content in
S1 was lower than in S2 and S3, the varieties of organic acids
were abundant in S1. Lactic acid, a common acidic agent and
taste regulator, was the predominant organic acid in soy sauce
samples. The lactic acid content was 6008.52 mg/l in S2, which
was over 2.4 times more than S3 and over 6 times more
than SI. Lactic acid can be produced by the fermentation of
sugars (sucrose, glucose, fructose and so on) using lactic acid
bacteria or yeast. Succinic acid was rich in SI and S3, which
enhanced umami taste to these two kinds of soy sauce. The
2-keto-L-gulonic acid content in S2 was 3,068 mg/l, but it
was not detected in S1 and S3. The high content of 2-keto-
L-gulonic acid also indicated that the different stains worked
during soy sauce fermentation. S2 and S3 are usually used for

seafood condiments to reduce the fishy smell because of their
unique acids.

Usukuchi Shoyu and Amakuchi Shoyu
Accounted for Far More Sugars Than
Koikuchi Shoyu by Silylation GC-MS
Analysis

Sweetness is another key indicator to distinguish the three
kinds of soy sauce. Fifty types of sugars were detected in
this study. Sugars were typical taste compounds due to their
abundant content—49.9, 52.2, and 45.3% of S1, S2, and S3,
respectively. Sugars favorably contribute to the sweetness of soy
sauce. The sugar content of S2 was prominent at 83,668 mg/l,
and S3 accounted for 51,709 mg/l, whereas S1 was much lower.
D-melibiose’s content highly contributed to the taste of S2,
accounting for 23,353 mg/l, but only 6,037 mg/l in S3 and none
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in S1. D-fructofuranose accounted for more ratios in S2 and
S3 (Figure 4). D-fructofuranose can be obtained by enzymatic
transformation of glucose and hydrolysis of sucrose.

Sugars such as L-arabinopyranose and D-xylose are mainly
obtained from wheat bran, the raw material of soy sauce, and
showed higher content in S2 than others. Some sugars may
be released from enzymolysis. D-ribofuranose was distributed
through all the Japanese soy sauce samples with a lower content
that released from the hydrolysis of polysaccharides (Wesener
et al,, 2015). Turanose, a structural isomer of sucrose, is a high-
quality functional sweetener (Wang et al., 2012). In addition, rare
sugars, such as D-xylopyranose, a-D-lyxose, and a-D-galactose,
were also detected in this study, which plays important role in the
diet, health care, medicine, and other fields. D-xylopyranose and
a-D-lyxose were prominent in S2, but a-D-galactose was more
abundant in S3.

The Relationship Between Amino Acids
and Aromas in Soy Sauce

Amino acids are essential taste compounds released by
proteolysis of the raw materials (Zhao et al., 2016). Amino acids,
such as glycine, alanine, and threonine, provide a sweet taste.
In this study, glycine and alanine contents in S1 and S3 were
higher than in S2, but not threonine. The possible interaction
of glycine, alanine, and threonine may also lead to a strong taste
of soy sauce (Heyer et al., 2003). Lysine in S2 tastes sweet/bitter.
While phenylalanine, valine, leucine, and serine taste bitter (Yu
et al,, 2015). GABA (4-aminobutyric acid), a non-protein amino
acid and bioactive component, was detected in S1 and S2 (Dhakal
et al., 2012). The content of GABA in S2 was seven times higher
than in S1. The results showed that L-pyroglutamic acid (L-PGA)
contents were higher in S1 and S3, but not L-glutamic acid.
L-PGA is a tasteless compound converted from L-glutamine by
a non-enzymatic pathway (Kim and Lee, 2008), which yields a

faster browning process in soy sauce (Wegener et al., 2017). In
this study, the presence of L-PGA may be generated due to heat
treatment during silylation.

Amino acids are the main sources of aroma substances
that are closely related to some alcohols and aldehydes. As
shown in Figure 5, amino acids can be deaminated by
aminotransferase to a-keto acids, which act as the precursors
of higher alcohols. Also, amino acids can be converted to
aldehydes by decarboxylase. For example, leucine can be
converted to a-ketoisocaproic acid by amiotransferase, then
converted to 3-methylbutanal by decarboxylase, and finally
reduced to 3-methylbutanol by Ehrlich pathway (Smit et al.,
2004). Simultaneously, valine, phenylalanine, and threonine
can be degraded to 2-methylpropanal, phenylacetaldehyde,
phenylethanol, 2-methylbutyraldehyde, and 2-methylbutanol.
Additionally, amino acids also have close relationships with
the formation of volatile compounds such as pyrazines. In
this study, 2, 6-dimethylpyrazine, 2-ethyl-6-methylpyrazine, and
trimethylpyrazine were obtained by the conversion of serine,
threonine, and lysine. In addition, 2-phenylethanol, important
volatile alcohol, can be degraded from phenylalanine by amino
acid decarboxylases.

CONCLUSION

Soy sauce has become a worldwide condiment for its unique
flavor and taste for cooking. But some differences existed between
soy sauce samples for different fermentation technologies,
strains, or raw materials. Alcohols and aldehydes is highly
abundant in Japanese soy sauce, which has only a modest range
of pyrazines and esters. Based on the electronic nose and GC-MS
analysis, Koikuchi Shoyu contributes more to flavor compounds.
Usukuchi Shoyu and Amakuchi Shoyu have sourness and
sweetness features according to E-tongue and silylation
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GC-MS analysis. Additionally, 50 kinds of sugars were detected
that provide the sweetness of soy sauce. This study will provide
remarkable knowledge about flavor and taste improvement of
soy sauce, which potentially can improve the quality of soy
sauce in the future.
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Dry fermented sausage is popular among the world because of its rich nutrition and
unique flavor. Starter cultures play an important role in the quality of dry fermented
sausage. In this study, probiotics lactic acid bacteria Lactobacillus delbrueckii N102,
Latilactobacillus sakei H1-5, Debaryomyces hansenii Y4-1, and Wickerhamomyces
anomalus Y12-3 were isolated from food-borne materials. The physicochemical
properties, microbial populations, TBARS, lipolysis, proteolysis, and volatile flavor
compounds of dry fermented sausages with different starter cultures were evaluated
comparatively during the ripening process. The results showed that both L. delbrueckii
N102 and L. sakei H1-5 grow well and could rapidly reduce the pH value of the
products. At the same time, they could significantly reduce the number of Enterobacter
putrefaciens, so as to ensure the safety of the products. In addition, the strains N102
promoted the formation of flavor compounds 2,3-butanedione, 3-hydroxy-2-butanone,
and carnosine, whereas taurine content of batch H1-5 was significantly increased,
while yeast y4-1 and y12-3 could also grow faster in sausage and promoted the
esters and alcohols formation such as ethyl acetate and linalool, with the formation
of y-aminobutyric acid by y4-1. Compared with lactic acid bacteria, yeasts showed to
contribute more in flavor formation and effective inhibition of lipid oxidation. The starter
cultures played different roles in flavor contribution and had obvious differentiation in the
ripening process of dry fermented sausage.

Keywords: starter culture, lipid oxidation, protein hydrolysis, volatile compound, functional differences, dry
fermented sausage

INTRODUCTION

Fermented sausage refers to the fermented meat products with stable microbial characteristics,
typical fermentation flavor and long shelf life, which is made by mixing minced meat (often
referring to pork or beef) with fat, sugar, salt, spices and other ingredients into the casing after
microbial fermentation (Villani et al., 2007). Because of the variety and quantity of meat and raw
materials, as well as the different fermentation and drying conditions, the sensory characteristics
of products are diverse. Almost every country has its own traditional fermented sausage, For
example: salami in Italy, dauerwurst in Germany, charqui in Spain, Chouri¢o de vinho in Portugal,
and Harbin sausage in China. In order to improve the quality and safety of the final product
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and standardize the production process, exogenous
microorganisms are often used as starter in the production
of traditional or naturally dried fermented sausage. Studies
have shown that the starter culture is mainly composed of
coagulase-negative cocci (CNC), yeast, and lactic acid bacteria
(LAB), such as Latilactobacillus sakei, Latilactobacillus curvatus,
and Lactiplantibacillus plantarum (Cocolin et al., 2011).

Lactic acid bacteria plays a leading role in the sausage
fermentation process. The main function of LAB is to reduce
the pH of the matrix through production of lactic acid from
the fermentation of sugars. A reduction in pH is necessary for
fibrillar proteins to coagulate, resulting in improved firmness and
cohesiveness of the final product, facilitating slicing (Drosinos
et al., 2007). Montel et al. (1998) found that lactobacillus can
give sausage special flavor by utilizing acetic acid, formic acid,
and succinic acid generated by carbohydrate. Moreover, LAB
species inhibit the multiplication of pathogenic and spoilage
bacteria, mainly due to the production of organic acids or other
antimicrobial metabolites, such as hydrogen peroxide, diacetyl,
and peptides known as bacteriocins (Almeida da Costa et al.,
2018). Bacteriocins have been shown to provide added control
against pathogens in fermented sausages (Barbosa et al., 2015).

Yeast in dry fermented sausages produce a protection against
the detrimental effect of oxygen and facilitate the drying process
by protecting the sausage against fluctuation in humidity, which
will produce changes in sausage appearance. Yeast can affect
the color and flavor of sausage by their oxygen-scavenging and
lipolytic activities, in addition to, it can utilize fermentation
products such as lactic acid and contribute to increase more
aroma compounds (Flores et al., 2015). Flores et al. (2004) first
reported effect on VOCs and aroma by yeast starter cultures
(D. hansenii) in fermented sausages due to the inhibition of
lipid oxidation products (linear aldehydes) and promotion of
ethyl ester compounds. Cano-Garcia et al. (2014a) found that
inoculation of D. hansenii strains in fermented sausages can
reduce lipid oxidation and produce flavor substances.

In the previous research, LAB and yeast with excellent
characters were isolated from Chinese Laminaria japonica and
traditional fermented foods (Chu et al., 2015; Liu et al., 2015). The
purpose of these studies was to evaluate the improvement of the
quality of dry fermented sausages and the contribution to flavor
by inoculating them into sausages fermentation.

MATERIALS AND METHODS

Bacterial Cultures and Culture Media

Autochthonous starter cultures are used for making dry
fermented sausage. These strains included L. delbrueckii N102,
L. sakei H1-5, D. hansenii Y4-1, and W. anomalus Y12-3
were previously isolated from Chinese Laminaria japonica and
traditional fermented foods (Chu et al., 2015; Liu et al., 2015).
L. delbrueckii N102 and L. sakei H1-5 have been proved to
have strong acid production capacity and antimicrobial ability.
D. hansenii Y4-1 and W. anomalus Y12-3 have been shown to
contribute to good flavor formation. LAB were stored in glycerin
and Man-Rogosa-Sharpe (MRS, Oxoid) broth medium mixture

at —80°C until use, whereas yeasts were stored at —20°C on the
yeast peptone dextrose (YPD, Oxoid) agar plate until use.

Dry Fermented Sausage Manufacturing

The sausage was divided into following five batches: batch control
without inoculation, batch N102 inoculated with about 107
CFU g~! of L. delbrueckii N102, batch H1-5 inoculated with
about 107 CFUg ™! of L. sakei H1-5, batch Y4-1 inoculated with
about 10°CFUg ™! of D. hansenii Y4-1, batch Y12-3 inoculated
with about 10° CFUg™! of W. anomalus Y12-3. The sausage
formulation (200 g of meat-mixture for each sausage) include
70% lean pork, 30% fat, 3.5% NaCl, 0.2% glucose, 0.3% sucrose,
0.05% sodium ascorbate, 0.1% garlic powder, 0.3% white pepper,
and 0.3% black pepper. Mix lean meat, fat, and ingredients with
a blender at 4°C and add different starter cultures (Huang et al.,
2020; Xiao et al., 2020).

Subsequently, the sausage mixture was filled into a natural
casing (sheep small intestine) and placed in a fermentation
chamber. All the sausages were fermented for 22 h at 22°C with
85% relative humidity (RH) and for 20 h at 20°C with 65% RH.
Then the sausages are ripened for 18 h at 19°C with 67% RH,
22 h at 18°C with 69% RH, 18 h at 17°C with 71% RH, 21 h at
15°C with 73% RH, 21 h at 14°C with 76% RH, 16 h at 12°C with
77% RH and kept at 11°C with 37% RH until the end of 23 days.

From each batch, a 500 g portion of meat mixture (0 day) and
three sausages at 5, 10, 16, and 23 days were randomly collected.
50 g portion of each sausage was minced and used for moisture
and pH tests and a 25 g portion was taken for microbiological
analysis. In addition, the remaining minced sausage was vacuum
packaged and frozen at —20°C for subsequent analyses (TBARS,
free fatty acids measurement, free amino acids measurement,
sarcoplasmic proteins analysis, myofibrillar protein analysis).
Also, 10 g sausage was wrapped in aluminum foil, vacuum
packaged, and stored at —80°C for volatile compound analysis.
Finally, sensory analysis was carried out at 23 days of the drying
process. Results were expressed as the mean of three replicates per
100 g of dry matter at each processing time and batch.

Measurement of pH Value

Measurement of pH was performed using a pH meter (Mettler
Toledo Instruments Co., Ltd., Shanghai, China) in a homogenate
prepared with 225 mL distilled water and 25 g samples.

Determination of Water Content and
Mobility

According to the method of Zhang et al. (2017), the change of
water during sausage ripening was determined by LF-NMR.

Measurement of Microbial Population

Shred dry fermented sausage samples (25 g) under aseptic
conditions were added to 225 mL sterile saline and the samples
were evenly oscillated. Microbiota were separated and counted
using different selective media. The total number of bacteria was
counted by incubation with Plate Count Agar (PCA, Oxoid) at
30°C for 72 h; LAB were counted in an anaerobic culture at 30°C
for 48 h using Man-Rogosa-Sharpe agar (MRS, Oxoid)(Xiao et al.,
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2018); Micrococci and Staphylococci were counted on mannitol
salt agar (MSA, Oxoid) at 30°C for 48-72 h; Enterobacteriaceae
were counted on violet red bile glucose agar (VRBG, Oxoid) at
37°C for 24 h. The yeast was counted on yeast peptone dextrose
agar (YPD, Oxoid) at 28°C for 5 days.

Extraction of Myofibrillar and

Sarcoplasmic Protein

The method of Mauriello et al. (2002), with some modifications
to extract sarcoplasmic and myofibrillar proteins was used.
The sample dilute with phosphate buffer (0.02 M, pH 6.5)
was homogenized (4,000 rpm) for 4 min, then centrifuged at
10,000 x g for 20 min at 4°C. Supernatant filtered and sterilized
was the sarcoplasmic protein extraction. The pretreatment of
myofibrillar protein was the same as that of sarcoplasmic protein
except that in the last step. The precipitate diluted with phosphate
buffer (0.03 M, pH 6.5) containing 0.1% (v/v) Triton X-100
was homogenized (4,000 rpm) for 4 min, then centrifuged at
10,000 x g for 20 min at 4°C, for three times. The precipitate was
suspended in phosphate buffer (0.1 M, pH 6.5, 0.7 M KI) with
0.02% (v/v) NaN3, homogenized (4,000 rpm) for 4 min at 4°C
and centrifuged at 10,000 x g for 20 min at 4°C. The supernatant
was sterilized by filtration, which was the myofibrillar protein
extraction. All extracts are stored at 4°C until use.

Sarcoplasmic and myofibrillar proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) to evaluate the degree of proteolysis (Laemmli, 1970).
SDS-PAGE was performed using a 12% acrylamide dissolution
gel, a 6% acrylamide stacking gel and Mini-Protean Tetra System
(Bio-Rad). The proteins used as standards were high molecular
weight standard protein Marker (Sigma, MW-SDS-200). The
polygels were scanned with a gel imager (Bio-Rad).

Measurement of Free Amino Acids

Free amino acids were extracted by the method of Casaburi et al.
(2007) and determined reverse phase by HPLC as described and
determined by Bidlingmeyer et al. (1987).

Thiobarbituric Acid Reactive Substances
The TBARS of sausages was analyzed according to the method of
Wang and Xiong (2005). The TBARS value was expressed as mg
of malondialdehyde/100 g sausage.

Measurement of Free Fatty Acids

The extraction of lipids and the separation of free fatty acids were
carried out by referring to the method of Bligh and Dyer (1959).
After methyl esterification of free fatty acids, the determination of
free fatty acid content and composition by gas chromatography
was carried out according to the method of Navarro et al. (1997).

Analysis of Volatile Compounds

Volatile compounds were extracted by solid-phase micro-
extraction (SPME) (Wen et al, 2019). Four grams of sausage
was placed in a 20 ml headspace extraction flask, equilibrated
at 60°C for 30 min and then extracted with a 50 pwm layer
DVD/PDMS for 30 min at 60°C. After sample extraction was

complete, the fibers were drawn into the needle and transferred
to the injection of the GC-MS system for desorption at 250°C
for 5 min. GC-MS analysis was performed on model 7890A
of Agilent Technologies (Paolo Alto, CA, United States) gas
chromatograph, and model 5975C of mass spectrometry detector
was selected. GC conditions: TRACE TR-5 GC column (30 m,
0.25 mm X 0.25 pm); the initial column temperature was
maintained at 40°C for 5 min, then raised to 100°C at 5°C/min
and held isothermal 10 min, then from 100°C to 180°C at a rate
of 5°C/min, and finally, the temperature was raised to 240°C for
10 min a rate of 15°C/min. The carrier gas is helium and the
flow rate was 1 mL min~!. MS conditions: ionization voltage
70 eV; ion source temperature 280°C; mass scan range: 30-300
mass units (Martin et al., 2003). The peak components were
determined through the search of NIST14 standard library, and
the flavor component was determined by the matching degree
greater than 80%. The relative content was expressed as the
percentage of the peak area of each component to the total peak.

Sensory Analysis

Twelve experienced panelists were chosen to evaluate the sensory
properties. The evaluations were conducted in a sensory panel
room at 25°C. The sausage sample was cut into slices (3 mm
thick) and placed in a white plastic dish. The samples were
blind-coded with 3-digit random numbers and evaluated three
times. Unsalted crackers and water were used to cleanse the
palate between samples. The following sensory characteristics
were evaluated: color, aroma, chewiness, acid taste, and overall
acceptability. The intensity or degree of an attribute was
expressed by a seven-point descriptive scale from 1 (low
intensity) to 7 (high intensity): color (7 = red and shiny; 1 = dark
and dull), aroma (7 = strong; 1 = light), chewiness (7 = hard;
1 = soft), acid taste (7 = strong acid taste; 1 = light acid taste),
and overall acceptability (7 = high; 1 = low).

Statistical Analysis

All experimental data were repeated three times and the results
were expressed as mean and standard deviation. The data were
analyzed by one-way ANOVA using the SPSS 13.0 software
for Windows (SPSS Chicago, IL, United States) and means
were compared by Duncan’s multiple comparison range test.
Values were considered significantly different at P < 0.05. Biplot
based on principal component analysis (PCA) was performed
using the SIMCA software (version 14.1, Umea, Sweden) for
volatile compounds data.

RESULTS

Effects of Different Starter Cultures on

pH Value Changes of Dry Fermented
Sausage

As shown in Figure 1, the pH values of fermented sausages
significantly decreased at the first 5 days in all batches (P < 0.05).
The initial pH value was about 5.8. After 12 days fermentation,
the pH of control, N102, H1-5, Y4-1, and Y12-3 were reduced

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 611260


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Starter Functional Difference in Sausage

M Control
B@EN102
BHI1-5
av4-1
@avi2-3

pH

Time (d)

FIGURE 1 | Evolution of pH value during the ripening of the different samples
of sausage non-inoculated and inoculated with various starter cultures. Error
bars refer to the standard deviations obtained from triplicate sample analysis.
Different letters (a—d) indicate significant differences among different batches
at the same fermentation time (P < 0.05). N102, L. delbrueckii; H1-5, L. sakeli;
Y4-1, D. hansenii; Y12-3, W. anomalus.

to 5.23, 4.76, 4.64, 5.30, and 5.14, respectively. The pH values of
N102 and H1-5 batches were lower than the control throughout
the sausage ripening process (P < 0.05) and its pH was below
5.0. However, the pH of the batch inoculated with yeast was not
significant compared with the control during sausage ripening.
The pH of all batches increased on the 10th to 16th day
of drying, and the change in pH decreased slightly after 23
days fermentation.

Effects of Different Starter Cultures on
Water State of Dry Fermented Sausage

The state of water in sausages was investigated by low-field
nuclear magnetic resonance (LF-NMR). Figure 2 shows the
change in the percentage of water state at different fermentation
time during the dry fermented sausage making, the proportion
of immobilized water is up to 88.55%, the content of free water
is 9.52%, and the content of bound water is at least 1.93%. The
proportion of bound water in each batches increased with the
drying of the sausage. In the first 10 days, the proportion of bound
water in each batches did not exceed 2.28%, while in the late
drying stage, the proportion accounted for more than 20% in all
samples, of which, in 16 days and 23 days of ripening, the content
of bound water of the batch inoculated with H1-5, Y4-1, and
Y12-3 was significantly lower than that of the control (P < 0.05).
In the first 10 days, the proportion of immobilized water was
still the highest. In the late stage of drying, the proportion of
immobilized water of the batches inoculated with H1-5, Y4-1, and
Y12-3 was significantly higher than that in the control (P < 0.05).
The proportion of free water in each batch decreased from 9.52%
at the beginning to less than 1% at the end.

Effects of Different Starter Cultures on
Microbial Population of Dry Fermented

Sausage
The changes in microbiota are shown in Figure 3. During
the ripening of sausage, LAB were dominant bacteria in all

batches, and the number was much higher than other bacteria.
The number of LAB reached the maximum at 8.79, 8.69, 8.25,
8.18, and 8.23 log cfu g~! after 5 days fermentation, in the
batches inoculated with starter cultures N102, H1-5, Y4-1, Y12-
3, and the control, respectively. The growth rate of Micrococci
and Staphylococci increased in the early stage of processing and
showed a downward trend in the later stage. In batches N102 and
H1-5, the numbers of Micrococci and Staphylococci were lower
than other batches, probably because LAB lowered the pH of the
sausage and inhibited their growth. As spoilage bacteria in meat
products, the number of Enterobacteriaceae showed a downward
trend in all batches. In batches N102 and H1-5, the number
of Enterobacteriaceae was significantly lower than that of other
batches, indicating that L. delbrueckii N102 and L. sakei H1-5 had
a significant inhibitory effect on the growth of Enterobacteriaceae.
The initial yeast quantity for batches Y4-1 and Y12-3 was 6 log
cfu/g, which was consistent with the quantity of starter added.
The number of yeasts in batches Y4-1 and Y12-3 showed an
upward trend in the early stage of processing, and reached the
maximum values of 8.26 and 7.75 log cfu/g on the 5th day, which
was significantly higher than other batches of about 5 log cfu/g.
At end of sausage ripening, the amount of yeast then showed a
downward trend, with the number of final products being about
6 log cfu g~ ! of the batch inoculated with Y4-1 and Y12-3, while

the number of other batches was about 4.95 log cfu g~ !.

Effects of Different Starter Cultures on

Proteolysis of Dry Fermented Sausage
Degradation of myofibrillar and sarcoplasmic proteins in each
batch was analyzed by SDS-PAGE technique. The degradation
of sarcoplasmic proteins is shown in the Figure 4A. In the
batch inoculated with N102 and H1-5, from the fermentation
stages to the ripening of sausage, the protein bands of 157,
97, 45, and 29 kD gradually weakened and disappeared during
the fermentation and ripening stage. Compared to the other
three batches, the 25 kD protein band of the N102 and H1-
5 batches were weaker in color. The protein bands of only
97 and 45 kD were weakened in the control and the Y4-
1 and Y12-3 batches. The low protein bands below 20 kD
of the batch inoculated Y12-3 were weaker in color than the
other batches. As shown in Figure 4B, actin and myosin were
significantly degraded in each batch, as well as the heavy chain
of myosin.

Effects of Different Starter Cultures on
Free Amino Acids of Dry Fermented

Sausage

In order to evaluate the effect of the starter cultures on
proteolysis, the free amino acids in the meat mixture of 0
day and in all batches of sausages ripening were determined.
The results are shown in Figure 5. The main amino acids in
the meat mixture used for sausage processing were carnosine,
anserine, leucine, alanine, glycine; and the content of cysteine,
ornithine, and citrulline was at least about 0.5 mg/100 g meat.
At the end of ripening, the total amino acid content of each
batch was significantly higher than the sausage at the beginning
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of processing (P < 0.05) (from 509.38 at 0 days to 1028.52,
1263.04, 1196.57, 1072.65, 1093.63 mg/100 g sausage in control
sausage and in the batches inoculated with N102, H1-5, Y4-
1, and Y12-3, respectively, at end of ripening). At the same
stage, the total amino acid content of the batch inoculated
with N102, H1-5, Y4-1, and Y12-3 was higher than that of the
control(P < 0.05), indicating that these starter cultures may
contribute to the formation of free amino acids. At end of sausage
ripening, the content of threonine, tyrosine and carnosine in the
batch inoculated with N102 was significantly higher than that
in the control (P < 0.05); the contents of taurine, citrulline,
glycine, glutamine, aspartic acid, alanine, tyrosine, lysine, and
leucine in the batch inoculated with H1-5 was significantly higher
than that in the control (P < 0.05); In addition, the contents
of tyrosine, taurine and leucine in batch H1-5 were significantly
higher than those in other batches (P < 0.05). Lysine, proline,
tyrosine, citrulline, ornithine, and y-aminobutyric acid in the
batch inoculated with Y4-1 were significantly higher than that
in the control (P < 0.05), Moreover, the contents of ornithine
and proline were significantly higher than those of other batches
(P < 0.05). The content of 2-aminobutyric acid, citrulline, and
threonine in the batch inoculated with Y12-3 was significantly

higher than that in the control (P < 0.05). However, the content
of arginine in each batch at the end of fermentation was lower
than that at 0 days. In general, Val, Leu, Phe, Glu, Ala, Car, and
Ans were the most abundant amino acids in the all batches.

Effects of Different Starter Cultures on
Free Fatty Acids of Dry Fermented

Sausage

The effects of various starter cultures on lipid hydrolysis were
evaluated by determining the content of free fatty acids. The
results are shown in Table 1. The content of saturated fatty acids
(C14:0, C16:0, and C18:0), monounsaturated fatty acids (C16:1,
C18:1), polyunsaturated fatty acids (C18:2, C18:3, C20:2, C20:3,
and C20:4) were determined at 0 days and the ripening period of
all batches. At the end of ripening, the total free fatty acids content
was significantly higher than the free fatty acids content of the
sausage at the beginning of processing (P < 0.05)(from 257.00 at
0 days to 1037.97, 685.64, 1019.21, 873.21, and 736.73 mg/100 g
sausage in control sausage and in the batches inoculated with
N102, H1-5, Y4-1, and Y12-3, respectively, at end of ripening).
Palmitic acid, oleic acid, and linoleic acid were the three highest
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FIGURE 3 | Evolution of microbial populations during the ripening of different samples of sausages non-inoculated and inoculated with various starter cultures. Error
bars refer to the standard deviations obtained from triplicate sample analysis. (A) control (uninoculated) sausage; (B) sausage inoculated with the strain L. delbrueckii
N102; (C) sausage inoculated with the strain L. sakei H1-5; (D) sausage inoculated with the strain D. hansenii Y4-1; (E) sausage inoculated with the strain
W. anomalus Y12-3. (J) LAB; (a) Micrococci and Staphylococci; (x) Enterobacteriaceae;(O)Yeast; (O)Total bacterial plate.

free fatty acids in all samples. All samples had the highest
monounsaturated fatty acid content, followed by saturated fatty
acids and polyunsaturated fatty acids at the end of ripening.

Effects of Different Starter Cultures on
Lipid Oxidation of Dry Fermented
Sausage

TBARS evaluates the degree of oxidation of sausages during
processing by measuring the amount of secondary products (such
as malondialdehyde) produced during the oxidation process. The
results are shown in Figure 6. In all batches, the TBARS value
gradually increased with the sausage ripening time, reaching a
maximum of 0.94, 0.57, 0.70, 0.41, and 0.47 mg MDA/kg sausage
in control sausage, N102, H1-5, Y4-1, and Y12-3, respectively,
at end of ripening. The TBARS value of the batch added to the
starter cultures was significantly lower than that of the control
(P < 0.05), indicating that the starter cultures could inhibit the
oxidation of lipids. Among them, the TBARS value of the batch
inoculated with Y4-1 and Y12-3 was lower than that of the other

batch, indicating that the yeast may have an inhibitory effect on
lipid oxidation.

Effects of Different Starter Cultures on
Flavor Compounds of Dry Fermented

Sausage

A total of 59 flavor substances were detected in 5 batch samples,
including 29 substances in the control, 25 substances in the
batch inoculated with N102, 24 flavor substances in the batch
inoculated with H1-5, and 40 substances in the batches inoculated
with Y4-1 and Y12-3, respectively. According to the results shown
in Table 2, the main volatile substances can be divided into
ketones, acids, esters, aldehydes, alcohols, terpenes and some
other substances. Terpenes are mainly produced by adding black
pepper, white pepper and garlic powder to sausage (Guadayol
etal., 1997). The 2, 3-butanediol was detected in all five batches of
sausages with high content. Batch N102 and batch H1-5 detected
less alcohol content and categories than the control and yeast
batches. The ethanol content of batch Y4-1 was significantly
higher than that of other batches. 2-phenylethanol was detected
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FIGURE 4 | SDS-PAGE analyses of sarcoplasmic proteins (A) and myofibrillar
protein (B) degradation during the ripening of the different samples of
sausages non-inoculated and inoculated with various starter cultures. MW
refers to the molecular weights of a protein standard; 0-23 refer to
fermentation time (days). N102, L. delbrueckii; H1-5, L. sakei; Y4-1,

D. hansenii; Y12-3, W. anomalus.

in batch Y4-1 and batch Y12-3, and linalool was detected in batch
Y12-3, which had an important effect on the flavor of sausage.
Butyric acid was detected in all batches and the batches inoculated

with Y4-1 and Y12-3 had higher levels of butyric acid, which is
an important flavor substance. The isobutyric acid was detected
in the batch inoculated with Y4-1 and 2-methylbutyric acid was
detected only in the batch inoculated with N102. Only ethyl
lactate and 2-methyl-1-butylethyl ester were detected in the batch
inoculated with H1-5and N102, and the total ester substances
in this two batches were lower than those in the control. The
ethyl acetate content of the batches inoculated Y4-1 and Y12-3
was significantly higher than that of the control. Further, seven
types of ester substances were detected in the Y4-1 batch, which
indicated the strain Y4-1 contributed to the formation of ester
substances. The content of ethyl lactate and ethyl isovalerate in
the batch Y12-3 was higher than that in the control. The presence
of benzaldehyde was detected in all samples, which is a unique
flavor component of the fermented meat product. In addition to
the batch inoculated with Y4-1, the other batches had the highest
content of hexanal, which had an apple aroma and improved
the flavor. The content of hexanal in the batch H1-5 and batch
Y12-3 was higher than that in the control. Only 3-hydroxy-2-
propanone was detected in the control, which did not appear in
other batches. The contents of 2,3-butanedione and 3-hydroxy-
2-butanone in the batches inoculated with N102 and H1-5 were
very high. The presence of 3-hydroxy-2-butanone was detected
in the batches inoculated with Y4-1 and Y12-3.

Principal Component Analysis of Volatile

Compounds

In an attempt to further understand the difference in the
volatile profile between the different inoculated strains of
sausage, a total of 33 significantly different volatiles between
two batches of sausages were used for the PCA. The first
two principle components explained 83.30 and 10.47% of the
overall variance, respectively (Figure 7). The first principal
component (PC1) was the most important variable and positively
correlated with most of the volatile compounds except for
ten kinds of volatile compounds, 2-methyl-1-butyl acetate,
4-isopropyltoluened and 3-methyl-1-butanol. As shown in
Figure 7B, inoculate lactobacillus, yeast, and control batches of
sausages were well-differentiated along PC1.

Sensory Evaluation

The sensory scores, including color, aroma, chewiness, acid taste,
and overall acceptability, are presented in Figure 8. The acidity
of sausages in batches N102 and H1-5 is significantly higher than
other batches. The sensory evaluation team members generally
think that the Y4-1 batch of sausages is more aromatic (Fadda
et al., 1999). The aroma scores of the Y4-1 batch of sausages
were significantly higher than the other batches, which also
correspond to the analysis results of volatile compound analysis.
Compared with the control batch, the overall acceptability of
sausages inoculated with starter was improved to varying degrees.

DISCUSSION

Fermented sausages are the result of biochemical,
microbiological, physical and sensorial changes occurring
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FIGURE 5 | Free amino acids content of the different samples of sausages non-inoculated and inoculated with various starter cultures. Concentration of His, Thr,
Lys, Met, Val, lle, Leu, Phe and Trp (A); Concentration of Ser, Cys, Tau, Cit, Orn, bAla, GABA and Abu (B); the concentration of Gly, Glu, GIn, Asp, Asn, Ala, Arg, Pro
and Tyr (C); Concentration of TAA, NEAA, EAA, Car and Ans (D). Error bars refer to the standard deviations obtained from triplicate sample analysis, expressed as
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nonessential amino acids; EAA, essential amino acid. N102, L. delbrueckii; H1-5, L. sakei; Y4-1, D. hansenii; Y12-3, W. anomalus.

TABLE 1 | Changes in free fatty acids (FFA) of the different samples of sausages non-inoculated and inoculated with various starter cultures.

Time (day) 0 28

FFA Control Control N102 H1-5 Y4-1 Y12-3
Myristic 3.79 + 1.018 13.63 + 1.279 8.33 & 0.64° 11.71 £ 0.60° 11.54 + 0.08° 9.38 + 1.47P¢
Palmitic 73.28 + 25.918 202.56 + 10.537 143.48 + 0.93° 194.92 + 6.99°¢ 179.63 + 12.54bcd 150.37 + 35.200¢
Stearic 40.42 + 19.599 87.25 + 3.11P 67.31 + 0,922 87.55 + 4.09° 80.80 + 7.64P 66.04 + 14.83%
Arachidic 2.08 + 0.812 10.19 + 0.63° 6.81 & 1.25° 10.75 + 0.42° 8.82 + 0.21b¢ 6.99 &+ 1.79°
Palmitoleic 4.39 + 0.837 23.41 4+ 1.39° 14.14 + 1.48° 23.38 4 0.04° 19.50 + 0.69° 18.35 + 4.56°¢
Octadecenoic 90.72 + 26.09% 44510 4 20.24¢ 278.99 + 25220 439.35 + 8.57° 357.55 + 19.46¢ 304.23 + 6.62°
Linoleic 38.62 4 7.252 227.69 + 15.05° 148.29 + 11.12P 225.96 =+ 0.86° 190.02 + 5.09%° 159.31 + 6.74P
g-linolenic 0.50 + 0.072 4.01 +0.579 2.51 +0.53° 3.58 +0.18%¢ 3.43 + 0.200°d 2.97 + 0.35¢
Eicosadienoic 1.67 4 0.492 9.32 +0.83° 7.13 £ 1.74%¢ 9.40 + 0.42° 7.38 + 0.140° 5.82 + 1.27°
Eicosatrienoic 0.007 0.75 + 0.01¢ 0.46 + 0.00° 0.57 +0.03° 0.56 + 0.02° 0.007
Arachidonic 2.64 +0.137 14.08 + 1.22¢ 8.19 + 0.29° 12.02 + 0.84b¢ 13.97 + 0.10° 13.27 + 4.95%°
SFA 119.56 + 47.322 313.63 4 15.53¢ 225.93 + 3.73° 304.94 + 12.09%° 280.80 =+ 20.30°° 232.79 4 53.290¢
MUFA 95.11 4 26.922 468.50 + 21.63° 293.13 + 26.70° 462.73 + 8.60° 377.05 + 20.15b¢ 32258 + 11.180
PUFA 42.33 + 6.272 255.84 + 17.66° 166.58 + 13.68° 251.54 +1.13¢ 215.36 + 5.16%¢ 181.36 + 13.31P
Total FFA 257.00 + 80.512 1037.97 + 54.82°¢ 685.64 + 44.11P 1019.21 + 21.82° 873.21 + 45.61b¢ 736.73 + 77.78°

The results are expressed as mg/100 g dry matter and are means of three replicates + standard deviations. Different lowercase letters (a—d) indicate significant differences
among the values (P < 0.05). SFA, saturated fatty acids, MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. N102, L. delbrueckii; H1-5, L. sakei;

Y4-1, D. hansenii; Y12-3, W. anomalus.
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FIGURE 6 | Thiobarbituric acid reactive substances (TBARS) (mg MDA/kg
meat) during the ripening of the different samples of sausages non-inoculated
and inoculated with various starter cultures. Different letters (a—d) indicate
significant differences among different batches at the same fermentation time
(P < 0.05). N102, L. delbrueckii; H1-5, L. sakei; Y4-1, D. hansenii; Y12-3,

W. anomalus.

in a meat mixture during ripening in defined conditions of
temperature and relative humidity (Villani et al., 2007). Starter
cultures are crucial in regulating the quality of fermented
sausages. In this study, L. delbrueckii N102, L. sakei H1-5,
D. hansenii Y4-1, and W. anomalus Y12-3 were selected from
traditional fermented foods and inoculated into fermented
sausages as starter cultures. The aim was to investigate the effects
of different types of starter cultures on the microbial population,
fat oxidation, lipolysis, proteolysis, and flavor compounds of the
fermented sausage.

The decrease in pH of fermented sausages is due to the
production of various organic acids such as lactic acid and acetic
acid by LAB (Ammor and Mayo, 2007). Lower pH can inhibit
the growth of harmful bacteria and contribute to product safety
and extend the shelf life of the product (Osterlie and Lerfall, 2005;
Flores and Toldra, 2011). The pH of the sausages inoculated with
LAB was significantly lower than that of the control (P < 0.05),
indicating that L. delbrueckii N102 and L. sakei H1-5 had strong
acid-producing ability and produced more organic acids. This
means that L. delbrueckii N102 and L. sakei H1-5 may help
enhance the safety of dry fermented sausages. The pH rise in the
middle and late stages of processing is mainly due to the action of
microbes and enzymes of the meat tissue, which produces some
basic ammonia and amines in the fermented sausage. However,
yeast can raise the pH by using lactic acid (Flores et al,, 2015).
The LAB in each batches are the dominant bacteria, which
is consistent with the results of Casaburi et al. (2016). It was
found by microbial counts that the number of Staphylococci and
Micrococci in the N102 and H1-5 batches were lower than that
of the other batches, probably because L. delbrueckii N102 and
L. sakei H1-5 reduced the pH and inhibited its growth (Casaburi
etal., 2008). LAB ensure the safety of the product by reducing the
pH of the sausage to inhibit the growth of Enterobacteriaceae.

Changes in the state of water in sausages affect product
stability and shelf life and sensory qualities such as texture

and juiciness by affecting microbial growth and enzyme activity
(Fernandez et al., 2000; Olivares et al., 2010). In meat products,
bound water is an important part of the macromolecule
compound; the immobilized water is located in the myofibril
network, and the free water is outside the myofibril network
(Bertram et al., 2004; Straadt et al., 2007). The change of the
immobilized water and the free water is due to the effect of
drying rather than fermentation; therefore, their content drops
significantly during the late drying period. In sausage processing,
the proportion of bound water increases because the structure
of the protein changes due to oxidation, and muscle protein is
hydrolyzed by bacteria or enzymes (Berardo et al., 2015).
Lactobacillus delbrueckii N102 and L. sakei H1-5 showed a
strong ability to degrade sarcoplasmic proteins. This conclusion
is consistent with the findings of Fadda et al. (1999), which
showed that strains of L. curvatus and L. sakei were capable
of hydrolyzing 97, 45, 37, and 26 kDa sarcoplasmic fractions.
Protein degradation is one of the main reactions in the process of
fermented sausages. It is generally believed that cathepsins play
a major role in initiating proteolysis, while microbial enzymes
play a weak role and play a role mainly in the late stage
of sausage ripening (Berardo et al,, 2017); of course, sausage
processing also affects protein degradation. Due to the strong
hydrolysis of protein by muscle and microbial peptidase, a large
number of peptides and free amino acids are produced, which
can be involved in the production of fermented sausage flavor.
Many free amino acids are precursors to flavoring substances
or are themselves flavoring substances. For example, glutamic
acid contributes to umami, and the increase in content may be
due to deamination of glutamine (Demasi et al., 1990); alanine
contributes to sweetness (Ordonez et al., 1999). Branched-chain
amino acids (valine, leucine, isoleucine) play an important role
