UNIVERSIDADE FEDERAL DO PARANA

BRUNA LEAL MASKE

PREDICTING MICROBIOMES, VIRAL INTERACTIONS, AND FUNCTIONAL
GENES IN THE PRODUCTION OF FUNCTIONAL FOODS: AN APPLICABLE
MODEL USING NATURAL VINEGAR FERMENTATION

CURITIBA

2025



BRUNA LEAL MASKE

PREDICTING MICROBIOMES, VIRAL INTERACTIONS, AND FUNCTIONAL
GENES IN THE PRODUCTION OF FUNCTIONAL FOODS: AN APPLICABLE
MODEL USING NATURAL VINEGAR FERMENTATION

Tese apresentada ao curso de Pos-Graduagdo em Engenharia
de Bioprocessos e Biotecnologia, Setor de Tecnologia,
Universidade Federal do Parand, como requisito parcial a
obtencdo do titulo de doutor em Engenharia de Bioprocessos e
Biotecnologia.

Orientador: Prof. Dr. Gilberto Vinicius de Melo Pereira

Coorientador: Prof. Dr. Carlos Ricardo Soccol

CURITIBA

2025



DADOS INTERNACIONAIS DE CATALOGAGAO NA PUBLICA(;AO (CIP)
UNIVERSIDADE FEDERAL DO PARANA
SISTEMA DE BIBLIOTECAS — BIBLIOTECA CIENCIA E TECNOLOGIA

Maske, Bruna Leal

Predicting microbiomes, viral interactions, and functional genes in the
production of functional foods: an applicable model using natural vinegar
fermentation. / Bruna Leal Maske. — Curitiba, 2025.

1 recurso on-line : PDF.

Tese (Doutorado) - Universidade Federal do Parana, Setor de Tecnologia,
Programa de Pos-Graduagdo em Engenharia de Bioprocessos e Biotecnologia.

Orientador: Prof. Dr. Gilberto Vinicius de Melo Pereira
Coorientador: Prof. Dr. Carlos Ricardo Soccol

1. Bactérias do acido latico. 2. Probidticos. 3. Alimentos funcionais. 4.
Metagendmica. I. Universidade Federal do Parana. II. Programa de Pos-
Graduagdo em Engenharia de Bioprocessos e Biotecnologia. I11. Pereira,
Gilberto Vinicius de Melo. TV. Soccol, Carlos Ricardo. V. Titulo.

Bibliotecaria: Roseny Rivelini Morciani CRB-9/1585



MINISTERIO DA EDUCAGAO

J:Hilﬂﬂ:ﬂjtlbﬁtﬂqﬁﬂm SETOR DE TECNOLOGIA
i

UNIVERSIDADE FEDERAL DO PARANA

l ' F P R PRO-REITORIA DE POS-GRADUAGAO

UNIVERSIDADE FEGERAL DO PARANA PROGRAMA DE POS-GRADUAGAO ENGENHARIA DE
BIOPROCESSOS E BIOTECNOLOGIA - 40001016036P8

ATA N°195

ATA DE SESSAO PUBLICA DE DEFESA DE DOUTORADO PARA A OBTENCAO DO
GRAU DE DOUTORA EM ENGENHARIA DE BIOPROCESSOS E BIOTECNOLOGIA

Mo dia vinte e oito de fevereiro de dois mil e vinte e cinco as 09:00 horas, na sala sala 03, Prédio de Engenharia de Bioprocessos e
Biotecnologia, foram instaladas as atividades pertinentes ao rito de defesa de tese da doutoranda BRUNA LEAL MASKE, intitulada:
PREDICTING MICROBIOMES, VIRAL INTERACTIONS, AND FUNCTIONAL GENES IN THEPRODUCTION OF FUNCTIONAL
FOODS: AN APPLICABLE MODEL USING NATURAL VINEGAR FERMENTATION, sob orientagédo do Prof. Dr. GILBERTO
VINICIUS DE MELO PEREIRA. A Banca Examinadora, designada pelo Colegiado do Programa de Pés-Graduagdo ENGENHARIA
DE BIOPROCESSOS E BIOTECNOLOGIA da Universidade Federal do Parana, foi constituida pelos seguintes Membros:
GILBERTO VINICIUS DE MELO PEREIRA (UNIVERSIDADE FEDERAL DO PARANA), JULIO CESAR DE CARVALHO
(UNIVERSIDADE FEDERAL DO PARANA), ADRIANE BIANCHI PEDRONI MEDEIROS (UNIVERSIDADE FEDERAL DO PARANA),
JOSE GUILHERME PRADO MARTIN (UNIVERSIDADE FEDERAL DE VIGOSA), DAO PEDRO DE CARVALHO NETO (INSTITUTO
FEDERAL DO PARANA) A presidéncia iniciou os ritos definidos pelo Colegiado do Programa e, ap6s exarados os pareceres dos
membros do comité examinador e da respectiva contra argumentagéo, ocorreu a leitura do parecer final da banca examinadora, que
decidiu pela APROVAGAQ_ Este resultado devera ser homologado pelo Colegiado do programa, mediante o atendimento de todas
as indicagdes e corregdes solicitadas pela banca dentro dos prazos regimentais definidos pelo programa. A outorga de titulo de
doutora esta condicionada ao atendimento de todos os requisitos e prazos determinados no regimento do Programa de Pas-
Graduagdo. Nada mais havendo a tratar a presidéncia deu por encerrada a sesséo, da qual eu, GILBERTO VINICIUS DE MELO

PEREIRA, lavrei a presente ata, que vai assinada por mim e pelos demais membros da Comissdo Examinadora.

CURITIBA, 28 de Fevereiro de 2025.

Assinatura Eletrénica
10/03/2025 12:42:05.0
GILBERTO VINICIUS DE MELO PEREIRA
Presidente da Banca Examinadora

Assinatura Eletrénica Assinatura Eletrénica
10/03/2025 09:37:20.0 13/03/2025 10:13:37.0
JULIO CESAR DE CARVALHO ADRIANE BIANCHI PEDRONI MEDEIROS

Avaliador Interno (UNIVERSIDADE FEDERAL DO PARANA) Avaliador Intemo (UNIVERSIDADE FEDERAL DO PARANA)

Assinatura Eletrénica Assinatura Eletrénica

09/03/2025 10:51:41.0 08/03/2025 09:38:07.0

JOSE GUILHERME PRADO MARTIN DAO PEDRO DE CARVALHO NETO

Avaliador Extemo (UNIVERSIDADE FEDERAL DE VICOSA) Avaliador Externo (INSTITUTO FEDERAL DO PARANA)

Universidade Federal do Parana- Centro Politécnico - CURITIBA - Parana - Brasil
CEP 81531-990 - Tel: (41) 3361-3695 - E-mail: secretaria.pb@uifpr.br
Documento assinado eletronicamente de acordo com o disposto na legislagéo federal Decreto 8539 de 08 de outubro de 2015.
Gerado e autenticado pelo SIGA-UFPR, com a seguinte identificagao tnica: 426583
Para autenticar este documento/assinatura, acesse hitps://siga.ufpr.br/siga/visitante/autenticacacassinaturas.jsp
e insira o codigo 426583




MINISTERIO DA EDUCAGAO

Hﬂﬂ:ﬂjﬁbﬂtﬂ:ﬁﬂ SETOR DE TECNOLOGIA

UNIVERSIDADE FEDERAL DO PARANA

l ' F P R PRO-REITORIA DE POS-GRADUAGAO

UNIVERSIDADE FEGERAL DO PARANA PROGRAMA DE POS-GRADUACAO ENGENHARIA DE
BIOPROCESSOS E BIOTECNOLOGIA - 40001016036P8

TERMO DE APROVAGCAO

Os membros da Banca Examinadora designada pelo Colegiado do Programa de Pos-Graduagao ENGENHARIA DE
BIOPROCESSOS E BIOTECNOLOGIA da Universidade Federal do Parana foram convocados para realizar a arguigéo da tese de
Doutorado de BRUNA LEAL MASKE, intitulada: PREDICTING MICROBIOMES, VIRAL INTERACTIONS, AND FUNCTIONAL
GENES IN THEPRODUCTION OF FUNCTIONAL FOODS: AN APPLICABLE MODEL USING NATURAL VINEGAR
FERMENTATION, sob orientagéio do Prof. Dr. GILBERTO VINICIUS DE MELO PEREIRA, que ap6s terem inquirido a aluna e
realizada a avaliacao do trabalho, sé@o de parecer pela sua APROVAQ.E\O no rito de defesa.

A outorga do titulo de doutora esté sujeita & homologacéo pelo colegiado, ao atendimento de todas as indicagbes e corregbes

solicitadas pela banca e ao pleno atendimento das demandas regimentais do Programa de Pés-Graduagéo

CURITIBA, 28 de Fevereiro de 2025.

Assinatura Eletronica
10/03/2025 12:42:05.0
GILBERTO VINICIUS DE MELC PEREIRA
Presidente da Banca Examinadora

Assinatura Eletrénica Assinatura Eletronica
10/03/2025 09:37:20.0 13/03/2025 10:13:37.0
JULIO CESAR DE CARVALHO ADRIANE BIANCHI PEDRONI MEDEIROS

Avaliador Interno (UNIVERSIDADE FEDERAL DO PARANA) Avaliador Intemo (UNIVERSIDADE FEDERAL DO PARANA)

Assinatura Eletrénica Assinatura Eletrénica

09/03/2025 10:51:41.0 08/03/2025 09:38:07.0

JOSE GUILHERME PRADO MARTIN DAO PEDRO DE CARVALHO NETO

Avaliador Extemo (UNIVERSIDADE FEDERAL DE VICOSA) Avaliador Externo (INSTITUTO FEDERAL DO PARANA)

Universidade Federal do Parana- Centro Politécnico - CURITIBA - Parana - Brasil
CEP 81531-990 - Tel: (41) 3361-3695 - E-mail: secretaria.pb@uifpr.br
Documento assinado eletronicamente de acordo com o disposto na legislagéo federal Decreto 8539 de 08 de outubro de 2015.
Gerado e autenticado pelo SIGA-UFPR, com a seguinte identificagao tnica: 426583
Para autenticar este documento/assinatura, acesse hﬂps /isiga.ufpr.br/siga/visitante/autenticacacassinaturas.jsp
e insira o codigo 426583




Dedico este trabalho a minha familia, Beatriz,

Solange e Irineu.



AGRADECIMENTOS

A Deus, pela dadiva da vida. Viver como um ser consciente na Terra ¢ um presente

e tento aproveitar sempre a0 maximo;

A Universidade Federal do Parand e ao Curso de Pés-Graduagdo em Engenharia
de Bioprocessos e Biotecnologia (PPGEBB) pela oportunidade concedida para a

realizacdo do doutorado;

A Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) e ao
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) pelo aporte

financeiro para realizacdo do estudo;

Ao meu orientador, Prof. Dr. Gilberto Vinicius de Melo Pereira, pela orientacao
cuidadosa, dedicagdo, disponibilidade e paciéncia, bem como pelas valiosas
oportunidades oferecidas para participar na producao cientifica; agradeco especialmente

por acreditar em mim € me apoiar, mesmo quando iniciei um novo trabalho no SENAI;

Aos meus pais, Solange e Irineu, que nunca mediram esfor¢os para a realizacao
de todos os meus sonhos. Sou imensamente grata por toda forga, presenca, parceria,

carinho, compreensao e confianga. Sem vocés nada disso teria sido possivel;

A minha irma Beatriz, por ser sempre minha alma gémea e meu porto seguro.
Vocé sempre me mostra o ponto de luz quando tudo parece escuro; Feliz por existir na

Terra no mesmo tempo que voceé;

As familias do Rio de Janeiro e Rio Grande do Sul, que, mesmo distantes, sempre

estiveram no meu coracao;

Aos colegas do PPGEBB, que se tornaram amigos ao longo desta jornada, pelo
apoio nas horas dificeis, pelos momentos de descontragdo compartilhados e, em especial,

ao Alexander e Ignacio, cuja ajuda foi importante para a realiza¢do deste trabalho;

A todos meus amigos pelo companheirismo e parceria que tornaram meus dias

mais divertidos nessa jornada.

Obrigada!



“Quando a Lua apareceu
Ninguém sonhava mais do que eu

Ja era tarde, mas a noite € uma crianga; distraida

Depois que eu envelhecer
Ninguém precisa mais me dizer
Como ¢ estranho ser humano nessas horas

De partida

Ah, ¢ o fim da picada
Depois da estrada comega uma grande avenida
No fim da avenida

Existe uma chance, uma sorte, uma nova saida

Qual ¢é a moral?

Qual vai ser o final dessa historia?

Eu ndo tenho nada pra dizer; por isso digo

Eu ndo tenho muito o que perder; por isso jogo
Eu ndo tenho hora pra morrer; por isso sonho

Ah, sdo coisas da vida...”

Rita Lee, “Coisas da vida”



RESUMO

Os alimentos fermentados sdo consumidos ha séculos em diversas culturas, oferecendo
sabores unicos, maior vida util e beneficios a satide. Recentemente, o interesse por esses
produtos cresceu devido ao seu potencial como alimentos funcionais, especialmente por
promoverem a saude intestinal e fornecerem compostos bioativos. Tais propriedades
derivam de comunidades microbianas complexas, compostas por bactérias, leveduras e,
mais recentemente, reconhecidamente, virus. Com o advento das tecnologias de
sequenciamento de nova geracdo (Next Generation Sequencing — NGS), tornou-se
possivel explorar a diversidade, a dindmica e as fungdes desses microrganismos € seus
genes, revelando novas espécies, vias metabolicas e interagdes virus-hospedeiro
relevantes para as caracteristicas funcionais dos alimentos fermentados. Esta tese,
estruturada em seis capitulos, integra revisoes e estudos experimentais. Os dois primeiros
capitulos abordam o papel das bactérias do acido latico (BAL), tanto na fermentagdo de
vinagre quanto na produgdo de enzimas funcionais. As BAL tém papel essencial nos
estagios iniciais da fermentacdo, produzindo acido latico e metabdlitos bioativos.
Identificaram-se lacunas na compreensao da viabilidade das BAL na producao de vinagre,
e ressaltou-se o potencial do vinagre como fonte de produtos pos-bidticos. Além disso, as
enzimas derivadas de lactobacilos foram destacadas por sua importancia na digestao, na
biodisponibilidade de nutrientes e em aplicacdes industriais, como a reducdo da
intolerancia a lactose. O terceiro capitulo apresenta um estudo metagendmico sobre a
fermenta¢do natural de vinagre de maca. A andlise revelou espécies microbianas-chave,
como Acetobacter pasteurianus, Komagataeibacter europaeus, Lactiplantibacillus
plantarum e Saccharomyces cerevisiae. Observou-se uma sucessao microbiana: BAL
dominaram os estdgios iniciais, seguidas pelas bactérias do acido acético (BAA),
responsaveis pela acidez e aroma do vinagre. Correlagdes entre grupos microbianos e
compostos como acido acético e acetato de etila demonstraram a importancia do co-
metabolismo na qualidade sensorial do produto. Os capitulos quatro e cinco exploram o
papel dos virus, especialmente bacteriofagos, nos alimentos fermentados. Eles modulam
comunidades bacterianas e afetam diretamente os processos fermentativos. Também
foram discutidas as interacOes entre leveduras e virus, como as leveduras killer, com
destaque para o viroma como ferramenta para melhorar a seguranga, a qualidade ¢ a
biotecnologia alimentar. No sexto capitulo, foi empregada metagendmica shotgun para

avaliar a dinAmica microbiana e viral durante trés meses de fermentacdo de vinagre de



maga. A andlise revelou vias metabdlicas relevantes e evidenciou a atuaciao de espécies
como A. ghanensis, Leuc. pseudomesenteroides ¢ S. cerevisiae, além do papel regulatorio
dos bacteridfagos sobre bactérias deteriorantes. Em conclusio, esta tese demonstra como
abordagens metagendmicas permitem desvendar a complexidade microbiana e viral dos
alimentos fermentados. Ao integrar microbiomas, viromas e genes funcionais, a pesquisa
oferece novas perspectivas para o controle e aprimoramento da fermentacao, qualidade

dos produtos e desenvolvimento de alimentos funcionais inovadores.

Palavras-chave: Bactérias do Acido Latico; Probiodticos; Metagenomica; Metabolomica;

Viroma; Alimentos funcionais.



ABSTRACT

Fermented foods have been consumed for centuries across diverse cultures, offering
unique flavors, extended shelf life, and significant health benefits. In recent years, global
interest in these products has increased due to their potential as functional foods,
particularly for promoting gut health and delivering bioactive compounds. These
properties stem from complex microbial communities composed of bacteria, yeasts, and,
more recently acknowledged, viruses. With the advent of next-generation sequencing
(NGS) technologies, it has become possible to explore the diversity, dynamics, and
functions of these microorganisms and their associated genes, revealing novel species,
metabolic pathways, and virus-host interactions that contribute to the functional
characteristics of fermented foods. This thesis, structured in six chapters, integrates
literature reviews and experimental studies. The first two chapters focus on the role of
lactic acid bacteria (LAB) in vinegar fermentation and in the production of functional
enzymes. LAB plays a crucial role in the early stages of fermentation, producing lactic
acid and bioactive metabolites. Critical knowledge gaps were identified regarding LAB
viability during vinegar production, and vinegar was highlighted as a potential source of
postbiotic products. Additionally, enzymes derived from lactobacilli were discussed for
their relevance in human digestion, nutrient bioavailability, and industrial applications
such as reducing lactose intolerance and improving protein hydrolysis in food processing.
The third chapter presents a metagenomic study of natural apple vinegar fermentation.
The analysis revealed key microbial species such as Acefobacter pasteurianus,
Komagataeibacter europaeus, Lactiplantibacillus plantarum, and Saccharomyces
cerevisiae. Distinct patterns of microbial succession were observed: LAB dominated the
initial stages, followed by acetic acid bacteria (AAB), which were primarily responsible
for vinegar’s acidity and aroma. Correlations between microbial groups and compounds
such as acetic acid and ethyl acetate underscored the importance of co-metabolism in
shaping the product’s sensory quality. Chapters four and five explore the roles of
viruses—especially bacteriophages—in fermented foods. These viruses modulate
bacterial communities and directly influence fermentation processes. Interactions
between yeasts and viruses, including the ecological roles of killer yeasts, are also
discussed. These chapters emphasize the importance of virome studies for food safety and
quality, advances in detection methods, and the potential of viral systems to enhance

fermentation outcomes and optimize food biotechnology. The sixth chapter employs



shotgun metagenomics to assess microbial and viral dynamics during a three-month apple
vinegar fermentation process. The study revealed key metabolic pathways related to
carbohydrate and amino acid metabolism, energy production, and glycan biosynthesis.
Specific enzymatic activities from 4. ghanensis, Leuc. pseudomesenteroides, and S.
cerevisiae were found to significantly shape the vinegar’s sensory and biofunctional
profile, while bacteriophages played a regulatory role by controlling spoilage bacteria. In
conclusion, this thesis demonstrates how advanced sequencing technologies can unravel
the complexity of microbial and viral communities in fermented foods. By linking
microbiomes, viromes, and functional gene networks, the research highlights
opportunities to improve fermentation processes, enhance product quality, and develop

mnovative functional foods.

Keywords: Lactic Acid Bacteria; Probiotic; Metagenomic; Metabolomic; Virome;

Functional foods.
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INTRODUCTION

The global pursuit of well-being and longevity has driven a continuous search for
innovative functional foods, ingredients, and supplements (Granato et al., 2010; Li et al.,
2020). This trend is particularly evident in addressing gastrointestinal ailments, such as
allergies and intolerances. Traditional fermented foods constitute a significant portion of
functional foods, primarily due to the presence of probiotics. These microorganisms,
along with the bioactive molecules secreted during microbial metabolism, provide
various health benefits to humans, including prebiotics, enzymes, and other bioactive

compounds.

Lactic acid bacteria (LAB) are widely distributed across diverse environments,
such as dairy, meat, plants, vegetables, fruits, soil, and water (Ruiz Rodriguez et al.,
2019). Their adaptability enables them to colonize numerous ecological niches, including
fermented foods. LAB species utilize raw materials such as plants, cereals, fruits, whey,
and honey as substrates for fermentation (Garcia-Parrilla et al., 2017). LAB has a long
history of use as probiotics, offering a wide range of health benefits to the host (Li et al.,
2020). While traditionally associated with milk-based products, such as yogurt and
fermented dairy products (Sherwani and Ara Abbas Bukhari, 2016), LAB are also found

in various other fermented foods, including vinegar, cocoa, coffee, kombucha, and wine.

Vinegar, for instance, is one of the oldest fermented foods, with a history dating
back to 2000 BCE, and has been consumed for its health benefits since ancient times
(Giudici, 2019). In this context, Chapter 1 of this thesis aims to explore the presence of
LAB in vinegar and identify potential probiotic strains. Furthermore, it investigates the
possibility of positioning vinegar as a functional food and a complementary postbiotic

supplement in human nutrition.



Given the significant presence of LAB in natural apple vinegar—a factor that
enhances its potential as a functional food—exploring their enzymatic production
capabilities 1is advantageous. Although human digestion primarily relies on
gastrointestinal enzymes, the gut microbiota—including bacteria and fungi—plays a
complementary role in producing digestive enzymes (Garcia-Cano et al., 2020). It could
produce digestive-associated enzymes such as lactase, proteases, peptidases, fructanases,
amylases, bile salt hydrolases, phytases, and esterases. In this way, Chapter 2 underscores
the potential of lactobacilli, as part of resident in the human GIT from its initial
colonization (Xanthopoulos et al., 2000; Pereira et al., 2018) to secrete functional
enzymes integral to digestion, and examines how leveraging this metabolic complexity
can enhance human nutrition.

Over the past two decades, significant progress has been made in the study of
fermented foods, largely due to advancements in next-generation sequencing, advanced
mass analyzers, and other innovative tools (Xanthopoulos, et al., 2000). Next-generation
sequencing (NGS) is particularly valuable for accessing and investigating microbiota
within a food matrix. This technique allows for the mapping of LAB and other major
microbial groups involved in the fermentation process. Additionally, NGS enables the
quantification of minor microbial groups, including environmental contaminants
commonly found in traditionally fermented foods, as well as pathogenic bacteria and
fungi. High-throughput sequencing has frequently revealed numerous previously
undetected, non-dominant microbes (Pereira et al., 2018).

The microbial composition of vinegar, for instance, directly impacts the product’s
quality and the formation of volatile compounds during fermentation (Gongo et al., 2023).
Although LAB are present in lower proportions compared to the dominant acetic acid
bacteria, they play a significant role in shaping the vinegar’s sensory profile Thierry et
al., 2015). In this context, the fermentation process of natural apple vinegar was analyzed
over three months, as described in Chapter 3, to assess the incidence of LAB and identify
the groups driving the fermentation. Volatile compounds were also analyzed via GC-MS,
and substrate consumption and organic acid formation were assessed using HPLC.
Additionally, correlation tests were performed to understand which groups coexist or
exhibit negative relationships, as well as which groups are associated with specific

volatile compounds.



The emergence of Coronavirus Disease 2019 (COVID-19) as a global pandemic
has heightened public concerns about diseases caused by viruses. Fermented foods, which
contain high loads of viable fungi and bacteria (Pereira et al., 2020), can also serve as
potential sources of viral contamination. Fermented foods serve as a rich reservoir for the
proliferation of viruses that infect various microorganisms. Notably, studies have
documented the presence of bacteriophages and viruses targeting yeasts in a wide range
of fermented food products, such as wine, meat, cheese, yogurt, sourdough, sauerkraut,
kimchi, soybean-based products, and cocoa (Auad et al., 1997; Barrangou et al., 2002;
Foschino et al., 2005; Illeghems et al., 2012; Kili¢ et al., 1996; Kleppen et al., 2012a;
Pringsulaka et al., 2011; Umene et al., 2009). Generally, bacteriophages are regarded as
detrimental, as they can impair the fermentative capacity of lactic acid bacteria (LAB)
and yeasts, potentially leading to fermentation failure. An extensive review and analysis
were conducted to investigate the presence of bacteriophages and viruses that infect
yeasts with fermented foods, as well as potential pathogenic viruses. This investigation,
detailed in Chapter 4, aimed to evaluate the viral content in various fermented products
and assess their potential impact on food quality and production. Notably, these viruses
can have both positive and negative effects, influencing fermentation processes either by
enhancing microbial interactions or by disrupting the activity of key fermentative

microorganisms.



Chapter 4 presented a study reporting a yeast virus in wine (Rodriguez-Cousiio
et al.,, 2011). Fungal viruses are primarily double-stranded RNA (dsRNA) or positive
single-stranded RNA (+ssRNA), though some have linear negative single-stranded RNA
(-ssRNA) and circular single-stranded DNA (ssDNA) genomes (Ghabrial et al., 2015).
These viruses have also been identified in yeasts (S. cerevisiae), where they are referred
to as 'yeast viruses' in the context of winemaking (Ramirez et al., 2015; Rodriguez-
Cousifio et al., 2011). Unlike bacteriophages, S. cerevisiae viruses belong to the
Totiviridae family (order Ghabrivirales) and can infect not only yeasts but also protozoa,
filamentous fungi, plants, invertebrates, and vertebrates (Rowley, 2017). Although most
mycoviruses appear to be harmless, they can induce phenotypic changes in their hosts,
such as pigmentation abnormalities, altered growth rates, variations in sporulation,
modified stress tolerance, hypo- or hypervirulence, or even enabling the production of
extracellular antifungal toxins (Jagdale and Joshi, 2015). Given their importance in
virome studies, yeast viruses and their implications in fermented foods and beverages

were discussed in Chapter 5.

The investigation of viruses in fermented foods has traditionally depended on
culture-based methods, primarily targeting individual bacteriophages associated with
fermentation defects and human pathogenic viruses (Park et al., 2011). However,
advancements in molecular techniques, coupled with the development of next-generation
sequencing (NGS), have enabled the characterization and emergence of "viromes"
(Ledormand et al., 2020; Tamang et al., 2020). Shotgun metagenomics, an approach that
does not rely on specific ribosomal markers, has been successfully employed to
characterize viral communities in diverse environments, including freshwater, soil,
oceans, and the mammalian gut, with limited application to fermented food products
(Dugat-Bony et al., 2020; Hayes et al., 2017; Park et al., 2011). In Chapter 6 the virome
analysis was conducted on the natural vinegar fermentation matrix to assess the viral
content, with a focus on the presence of bacteriophages and phage-bacteria interactions,
aiming to understand how this community may influence the beverage. To achieve this,
KEGG analyses were performed to explore the roles of bacterial and fungal microbial

communities and to evaluate how phages shape the fermentation process.



In summary, this study aimed to enhance the understanding of the role of
microbiome in fermented food, focusing on apple vinegar research by investigating the
total microbial composition present as well as their correlation applications. It further

explored how these insights could contribute to advancing food technologies and

improving food safety.
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CHAPTER ONE - EXPLORING DIVERSITY AND FUNCTIONAL TRAITS OF
LACTIC ACID BACTERIA IN TRADITIONAL VINEGAR FERMENTATION: A
REVIEW

Manuscript published in International Journal of Food Microbiology journal. DOI:
https://doi.org/10.1016/}.jjfoodmicro.2023.110550.

Abstract

Vinegar has been used for centuries as a food preservative, flavor enhancer, and medicinal
agent. While commonly known for its sour taste and acidic properties due to acetic acid
bacteria metabolism, vinegar harbors a diverse community of lactic acid bacteria (LAB).
The main genera found during natural fermentation include Lactobacillus,
Lacticaseibacillus, Lentilactobacillus, Limosilactbacillus, Leuconostoc, and Pedicoccus.
Many of the reported LAB strains fulfill the probiotic criteria set by the World Health
Organization (WHO). However, it is crucial to acknowledge that LAB viability
undergoes a significant reduction during vinegar fermentation. While containing LAB,
none of the analyzed vinegar met the minimum viable amount required for probiotic
labeling. To fully unlock the potential of vinegar as a probiotic, investigations should be
focused on enhancing LAB viability during vinegar fermentation, identifying strains with
probiotic properties, and establishing appropriate dosage and consumption guidelines to
ensure functional benefits. Currently, vinegar exhibits substantial potential as a postbiotic
product, attributed to the high incidence and growth of LAB in the initial stages of the
fermentation process. This review aims to identify critical gaps and address the essential
requirements for establishing vinegar as a viable probiotic product. It comprehensively
examines various relevant aspects, including vinegar processing, total and LAB diversity,
LAB metabolism, the potential health benefits linked to vinegar consumption, and the

identification of potential probiotic strains.

Keywords: Lactic acid bacteria; Lactobacillus; Acetic acid; Natural fermentation
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Introduction

The global pursuit of well-being and longevity has spurred a constant search for
novel functional foods, ingredients, and supplements (Granato et al., 2010; M. Li et al.,
2020). Lactic acid bacteria (LAB) have a rich history of use as probiotics, offering a
myriad of health benefits to the host (M. Li et al., 2020). While LAB has traditionally
been associated with milk-based products like yogurts and traditional fermented milks
(Sherwani and Ara Abbas Bukhari, 2016), the demand for nondairy has constantly been
increasing driven by factors such as veganism, high cholesterol content in milk, and

lactose intolerance among individuals (Tadesse and Emire, 2020).

Vinegar, an ancient, fermented food with a history dating back to 2000 BCE,
stands as one of the earliest culinary creations (Giudici, 2019). It is believed that a
Babylonian courtier accidentally discovered vinegar formed from abandoned wine or
unattended grape juice (Johnston and Gaas, 2006). The product was mentioned in the
Bible for medical purposes and applied as a remedy due to its sedative and curative
properties (Plessi, 2003). In recent years, vinegar has become widely utilized as a flavor
enhancer in dishes worldwide, as well as for cleaning surfaces and utensils (Hemke et al.,

2019).

The advent of culture-independent sequencing methods has significantly
enhanced comprehensive investigations into the diverse microbiota responsible for the
natural fermentation of vinegar, complementing the insights gained from conventional
culture-dependent methods (Fang et al,, 2021). LAB is a notable group in vinegar
fermentation, being ahead of acetic acid bacteria (AAB) in diversity matter, and are
dominant in numerous vinegar types, such as apple (Trcek et al., 2016), rice (Haruta et
al., 2006; Shi et al., 2013), cereal (Zhang et al., 2020), Shanxi-aged (Wu et al., 2012),
Zhejiang rosy (Fang et al., 2021), Zhenjiang aromatic vinegar (Wang et al., 2016), Qishan
(Gan et al., 2017), and Tianjin Duliu (Nie et al., 2013). Probiotics are categorized as live
microorganisms that, when administered at a sufficient dose, demonstrate health benefits
for the host (Hill et al, 2014). While LAB are highly prevalent during vinegar
fermentation, the significant reduction in viable cells in the final product falls short of
meeting the required dosage for probiotic labeling (typically >10° to 10° CFU/g or

CFU/mL at the time of consumption, depending on the strain and regulatory guidelines).
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LAB are widely distributed across diverse environments, such as dairy, meat,
plants, vegetables, fruits, soil, and water (Ruiz Rodriguez et al., 2019). Thus, the initial
stage of vinegar fermentation serves as a gateway for the introduction of LAB species,
utilizing plants, cereals, fruits, whey, and honey as raw materials (Garcia-Parrilla et al.,
2017). Typically, the total microbial population present on fresh vegetables and fruits
ranges from 10° to 107 colony-forming units per gram (CFU/g), while specific microbial
groups may occur at lower levels, approximately 10> CFU/g; among them, yeasts are the
predominant —10° CFU/g; LAB, on the other hand, represent a minor part of the
microbiota, ranging between 10? and 10* CFU/g (Ruiz Rodriguez et al., 2019). Even to a
lower degree, it can tread constancy and/or dominance in vinegar fermentation.
Limosilactobacillus fermentum (former Lactobacillus fermentum), Lactiplantibacillus
plantarum (former Lactobacillus plantarum), Lentilactobacillus buchneri (former
Latobacillus  buchneri), Lacticaseibacillus casei (former Lactobacillus casei),
Pediococcus acidilactici, P. pentosaceus, and Weissella confusa are some species
frequently associated with vinegar fermentation (Wu et al., 2012). However, throughout
the fermentation process, LAB encounters inhibitory factors that limit their viability in

the final product.

This review aims to compile the various methods of vinegar production, analyze
the overall microbial diversity with a specific focus on LAB, and identify potential
probiotic strains found in vinegar. By doing so, it aims to explore the possibility of vinegar

as a complementary postbiotic supplement to human nutrition.
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Figure 1. Schematic workflow for processing strategies and microbial main groups dynamics during

vinegar production.

Vinegar production methods

A diverse range of raw materials is utilized in vinegar production, encompassing
grains (such as rice, malt, and sorghum) (Giudici, 2019; Kandylis et al., 2021), fruits (such
as apple, grape, and coconut), vegetables (including onion), animal products (such as
honey and whey) (Li et al., 2015), and other sources like sugarcane and roots (Kandylis
et al., 2021; Kim et al., 2021). The type of operation is either solid-state fermentation
(SSF) or submerged fermentation (SmF) (Figure 1). SSF is a technique that applies low
water content — between 30 and 85% (Machado de Castro et al., 2018) — and usually used
in traditional open fermentation (Chen et al., 2019). On the other hand, SmF is usually
applied in industrial production with higher productivity and yields, and lower process

time when compared to SSF (Li et al., 2022).
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The fermentation process can occur through spontaneous fermentation,
backslopping processes, or the addition of starter cultures. In the case of spontaneous
fermentation, external conditions can be adjusted and regulated to facilitate the optimal
growth and development of specific microorganisms (Chochevska et al., 2021; Lu et al.,
2018). Studies show a high level of microbial diversity in this type of fermentation,
resulting, therefore, in a complex combination of metabolites that provide great
organoleptic characteristics and functional properties for the final product (Luzdn-
Quintana et al., 2021). However, a spontaneous process can present the drawback of a
higher risk of contamination and long fermentation periods. Backslopping techniques are
the precursor of starter cultures, utilizing part of a portion of a previous batch to inoculate
a new fermentation process. This practice can expedite fermentation, enabling faster
progress and development (Giudici, 2019; Kim et al., 2021). Starter cultures are a set of
predefined and well-selected microorganisms that are inoculated at the beginning of
different food-related fermentation processes (Durso and Hutkins, 2003). This strategy
allows better control and reproducibility of the process, avoids external contamination,
and provides similar characteristics for the final product between batches (Kim et al.,
2021; Vinicius De Melo Pereira et al., 2019). Nevertheless, the use of starter cultures
decreases natural microbial diversity, potentially resulting in a final product that exhibits
reduced flavor compared to vinegar produced through open fermentation methods

(Cosmulescu et al., 2022).

The vinegar fermentation process encompasses diverse microorganisms, leading
to a complex dynamic throughout the fermentation period. This dynamic, which has been
extensively studied, involves fluctuations in microbial diversity over time. The
employment of specific strains or genera of microorganisms as starter cultures presents a
promising strategy to finely tune the dynamics of the fermentation process and achieve
vinegar with distinct characteristics and flavors. By introducing carefully selected
microbial cultures, the desired metabolic pathways can be enhanced or modified, leading
to the production of vinegar with targeted sensory profiles and improved quality. This
approach allows for greater control over the fermentation process, enabling producers to
tailor vinegar production to meet consumer preferences and market demands (Chai et al.,

2020a).

The vinegar production process usually occurs in three steps: saccharification,

alcoholic fermentation (AF), and acetic acid fermentation (AAF). Before any
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fermentation process, it is common practice to mill the raw material to facilitate the
release of carbohydrates and sugars, making them more accessible for microbial action.
By breaking down the physical structure of the raw material, milling increases the surface
area and exposes a larger portion of the substrate to enzymatic and microbial activities,
promoting efficient utilization and conversion of the carbohydrates into desired
fermentation products. This step plays a crucial role in optimizing the overall efficiency
and effectiveness of the fermentation process, ensuring the maximum utilization of the
raw material's nutritional components by the microorganisms involved (Li et al., 2015).
Fruits and vegetables usually have their juice extracted already available for fermentation
(Ho et al., 2017), while starchy grains require an additional saccharification step.
Vegetables and fruits are advantageous matrices for LAB growth as they are composed
of simple carbohydrates (fructose and glucose), facilitating the first degradation steps.
Grains and cereals, on the other hand, which have more complex carbohydrates to degrade
(starch, cellulose, and hemicellulose), depend on the production of specific enzymes for
polysaccharide degradation to monosaccharides (J. Wang et al., 2021). This step involves
the hydrolysis of these complex carbohydrates into fermentable sugars through the
combined enzymatic action, predominantly from amylases (Li et al, 2015;
Taweekasemsombut et al., 2021). Saccharification can be achieved by adding commercial
enzymes or by utilizing fungi that naturally produce extracellular enzymes, such as those
from the Aspergillus and Rhizopus genera. When fungi are involved in saccharification,
other metabolites that provide flavor and color can also be released, influencing the
vinegar's final characteristics (Li et al., 2015). Some LAB, with a notable emphasis on
specific members of the Lactobacillus genera such as Limosilactobacillus amylovorus
(formerly Lactobacillus amylovorus), Lactiplantibacillus plantarum  (formerly
Lactobacillus plantarum), Limosilactobacillus manihotivorans (formerly Lactobacillus
manihotivorans), and Limosilactobacillus fermentum (formerly Lactobacillus
fermentum), possess significant amylolytic activity. This enzymatic capability enables
them to fulfill a similar role as fungi, suggesting a promising alternative to mold enzymes

in various applications (J. Wang et al., 2021).

The AF is the metabolic process in which fermentable sugars are anaerobically
converted into ethanol by yeasts. During the fermentation process, a variety of yeasts are
involved, including Saccharomyces, Zygosaccharomyces, Kluyveromyces, and Pichia.

Non-Saccharomyces yeasts are typically more abundant in the early and middle stages of
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fermentation. However, as the fermentation progresses, Saccharomyces (mainly S.

cerevisiae), become dominant due to its alcohol tolerance (Li et al., 2015).

The pH of the fermentation typically ranges between 3 and 5, while the sugar
content is meticulously maintained at approximately 20 %. This control is crucial to
prevent the sugar content from exceeding the designated threshold, thereby avoiding
excessive osmotic pressure and subsequent microbial inhibition (Luzon-Quintana et al.,
2021). Raw materials with higher sugar concentrations (e.g honey) should be diluted to

prevent prolonged fermentation process (Perumpuli and Dilrukshi, 2022).

AAF occurs through the aerobic oxidation of ethanol to acetic acid. This reaction
takes longer than AF and is usually conducted at an acidic pH. The process can occur in
SSF, with the microorganisms being cultivated in the raw material surface (Liet al., 2015)
or in a SmF, with the filtrate derived from AAF being fermented (Gullo et al., 2014).
Most of the compounds that guarantee vinegar's unique flavor and aroma (organic acids
and volatiles) are produced in the AAF. The main microorganisms involved in this
process are AAB from the genera Acetobacter, Gluconobacter, Gluconoacetobacter and
Komagataeibacter, each one having its specific characteristics. Acetobacter is the most
common AAB found (Chai et al., 2020b; Chen et al., 2017) and is present mainly at the
beginning of the process, while Komagataeibacter (a new genus that includes several
AAB, mostly transferred from Gluconoacetobacter) is resistant to high concentrations of
acetic acid and is therefore predominant at late process stages (Li et al., 2015).
Gluconobacter, in turn, can oxidize a more significant number of substrates, including
glucose which is converted to gluconic acid (a compound with interesting health
properties), and is resistant to high alcohol concentrations, making it suitable for both AF
and early-stage AAF processes (Li et al., 2015; Luzén-Quintana et al., 2021). Apart from
acetic acid, AAF can yield other important metabolites. Among them, glycerol stands out
as it can be further utilized for the generation of flavor-active esters. Additionally, smaller
quantities of volatiles such as ethyl acetate, acetaldehyde, methanol, and furfural can also
be produced during the fermentation process. These compounds contribute to the overall

aroma and sensory profile of the final vinegar product (Spinosa et al., 2015).

LAB plays a crucial role in vinegar production by producing lactic acid and other
active molecules, which contribute to the preservation and development of distinctive
flavors in vinegar (Chai et al., 2020b; Li et al., 2022; Wu et al., 2021). Among LAB, the

most found genera include Lactococcus lactis (formerly Lactobacillus lactis),
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Lentilactobacillus acetotolerans (formerly Lactobacillus acetotolerans),
Lacticaseibacillus casei (formerly Lactobacillus casei), and Lactiplantibacillus
plantarum (formerly Lactobacillus plantarum), as well as Pediococcus and Leuconostoc,
although to a lesser extent (Li et al., 2015). These LAB species are typically present
during the early and middle stages of fermentation, where they interact symbiotically with
yeasts (Li et al., 2015). Their metabolic activities contribute to the acidification process,

flavor development, and overall quality of vinegar.

Post-fermentation processes typically encompass the ripening stages of the
resulting product. During this period, the acetic acid content becomes concentrated, while
additional aromatic active compounds such as furans and esters are generated,
contributing to the enhanced complexity of the product (Spinosa et al., 2015). The
technological steps, raw materials, and physicochemical conditions employed in vinegar
fermentation directly impact on the microbial diversity and dynamics throughout the
production process. Consequently, these factors significantly influence the metabolites
produced and the final vinegar product's overall quality and characteristics (Li et al.,

2015).

Health benefits of vinegar consumption

While vinegar is primarily known for its usage as a food condiment and
preservation purposes, it has also found extensive application as a traditional medicine in
various countries. Vinegar consumption has been demonstrated to induce a variety of in
vivo and in vitro activities, extending beyond mere ingestion. Its adaptability extends to
topical application on burns and infectious tissues, where it harnesses antibacterial
properties and fosters tissue repair. This reparative capability is ascribed to the
extracellular structure synthesized by Acetobacter species (Budak et al., 2014). These
endeavors seek to enhance our understanding of the underlying mechanisms that drive

the therapeutic effects of this unique food condiment.

Vinegar oral consumption demonstrated numerous advantages in animal models.
Anti-diabetic effect on rat bloodstream sugar was reported within 24 h of starch ingestion
supplemented with a 2% acetic acid solution when compared with a normal diet (Ebihara
and Nakajima, 1988). This effect may be a consequence of acetic acid blocking the
complete digestion of complex carbohydrates, accelerating gastric emptying or increasing

tissue glucose absorption, resulting in reduced blood glucose levels (Budak et al., 2014).
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Red wine vinegar demonstrated a hypotensive effect by inhibiting the renin-angiotensin
system in rats (Honsho et al., 2005). A reduction in pressor response induced by
angiotensin I, decreased from 572 to 457 mmHg, was observed in 3 mL of vinegar
consumption per kg after 60 min. Also, vinegar may assist in the protection of organs
against injuries related to oxidative stress (Perumpuli and Dilrukshi, 2022). Daily
ingestion of vinegar containing acetate 5% as the principal bioactive molecule resulted in
suppression of kidney stone formation (phosphate, urate and crystals of calcium oxalate)
in rats after 4 weeks of oral administration. It has been suggested that an excretion of

urinary calcium from the gastrointestinal tract (Zhu et al., 2019).

Organic acids and bioactive components (e.g., acetic acid, gallic acid, catechin,
epicatechin, chlorogenic acid, caffeic acid, p-coumaric acid, and ferulic acid) (Budak et
al., 2014), on the other hand, can play a crucial role in various physiological processes.
Firstly, they have the potential to lower the gastrointestinal pH, thereby enhancing the
body's ability to absorb minerals (Safari et al., 2017). Additionally, these acids can inhibit
digestive amylases responsible for breaking down complex sugars into glucose,
consequently reducing blood glucose levels (Perumpuli and Dilrukshi, 2022; Samad et
al., 2016). Furthermore, organic acid's bacteriostatic and bactericidal properties hinder
the proliferation of harmful bacteria, ensuring the maintenance of a healthy microbial

balance (Bakir et al., 2017).

Acetate can help prevent kidney stone formation through the excretion of calcium
(Zhu et al., 2019), reducing glucose blood levels by helping its conversion to glycogen
(Chen et al., 2016), and even restrain cancer cells proliferation (Samad et al., 2016).
Vinegar can also promote anti-inflammatory and anticancer activities through several

acting mechanisms and metabolites (Perumpuli and Dilrukshi, 2022).

As summarized, vinegar's consumption benefits come mainly from the
metabolites present in the product. However, the presence of LAB as probiotics can also
bring new advantages. Along with helping to maintain the intestinal flora active and in
balance and hindering the multiplication of pathogenic bacteria, probiotics may present
antioxidant properties (Wang et al., 2017), decrease cholesterol levels (Ishimwe et al.,
2015), and increase insulin sensitivity. Sui et al., (2021) comprehensively evaluated
several properties of Lactobacillus strains isolated from tangerine vinegar. The results
revealed that all the strains exhibited remarkable antioxidant and antibacterial properties

and the ability to remove cholesterol. Is important to mention that these results have not
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been fully demonstrated in humans. The studies conducted so far are preliminary, and this
research does not recommend the consumption of vinegar as a treatment or preventive

measure for any diseases.
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Total bacterial composition

Vinegars harbor rich microbiota in their matrices, including bacteria, filamentous
fungi and yeasts. Plenty of vinegars had their microbiota explored in detail, such as apples
(Trcek et al., 2016), rice (Haruta et al., 2006; Shi et al., 2013), cereal (Zhang et al., 2020),
Shanxi-aged (Wu et al., 2012), Zhejiang rosy (Fang et al., 2021), Zhenjiang aromatic
(Wang et al., 2016), Qishan (Gan et al., 2017), and Tianjin Duliu (Nie et al., 2013).

Vinegar has attracted substantial research interest, particularly in China, where it
has emerged as a leading focus of study. The survey conducted on the bacterial microbiota
of these products unveiled an astonishing diversity, revealing the presence of over 80
distinct genera and 50 species, as shown in Tables 1, 2, 3 and 4. The vinegar fermentation
process occurs statically in urns (Chai et al., 2020a) for approximately one month, being
early stage classified from day 0 until day 4 (Zhu et al., 2018), the middle stage around
day 5 to 15th days (Xu et al., 2011; Zhu et al., 2018), and later stage days 22 to 26 (Zhu
et al., 2018).

The deep investigation of vinegar's bacterial profile during the process was
possible by performing sequencing methods. Following the discoveries timeline,
independent cultivation methods, such as PCR, qPCR, and PCR-DGGE, unveiled many
different groups (Haruta et al., 2006; Shi et al., 2013.; Xu et al., 2011; Zhu et al., 2018),
and posteriorly, the ascension of next-generation sequencing platforms, such as
Pyrosequencing, [llumina MiSeq and Illumina HiSeq (Xia et al., 2016), raised plenty of
other microbial groups. These platforms are capable of producing high numbers of DNA
sequences in the library preparation, allowing an in-depth description of the microbial
constituents of different fermented foods (de Melo Pereira et al., 2020b) such as
sauerkraut and kimchi (Srinivas et al., 2022), fermented milk (Maske et al., 2021b), and
coffee (da Silva Vale et al., 2023).

AAB is the bacterial group primarily associated with vinegar fermentation, and its
role in the process has been extensively established (Perumpuli and Dilrukshi, 2022). In
the middle to final stages of fermentation, the dominant microbial groups belong to the
Acetobacter genus, although contributions from Gluconacetobacter, Gluconobacter, and
Komagataeibacter have also been observed. These microorganisms play a pivotal role in

converting ethanol to acetic acid.
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Table 1 shows the diversity of these groups for each type of vinegar. A.
pasteurianus is prevalent in almost all types of vinegar, while A. aceti and A. syzygii are
present to a lesser extent. Shanxi-aged vinegar presents the greatest diversity of this
genus, including 4. senegalensis, A. indonesiensis, A. malorum, A. orientalis and A.
pomorum. Nevertheless, AAB, despite being dominant and playing a primary role in

acetic acid fermentation, are present throughout all stages of the fermentation process.
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Regardless of principal groups, natural fermentations are prone to many
microorganisms in lesser loads. They may have different inoculation origins, such as raw
materials/food, the environment surrounding the fermentation process, the utensils used,
and even human contact (Voidarou et al.,, 2021). The microbial diversity present in
vinegar production plays a pivotal role in shaping its distinctive organoleptic
characteristics while upholding stringent safety standards. However, potential routes for
environmental contaminants, as well as opportunistic or foodborne pathogenic
microorganisms, should be considered (Maske et al.,, 2021a). LAB and AAB can
eventually avoid or reduce the existence of these strains through the production of acids
and antimicrobial substances during fermentation (Djadouni and Kihal, 2012; Kandylis
etal., 2021). However, some persist until the final stage. Escherichia and Shigella, known
as opportunistic bacteria, are constant in all stages of apple vinegar (Song et al., 2019).
Pseudomonas genera, housing pathogenic species within the group, are present in all
stages of Zhenjiang aromatic vinegar (Wang et al., 2016), Tianjin Duliu aged vinegar
(Peng et al., 2015), Daqu starter (Tang et al., 2019), and even constant in Zhejiang rosy

vinegar fermentation (Fang et al., 2021).

Environmental bacterial groups in vinegar diversity are compiled in Table 2. They
are distributed in nature and can have multiple sources, such as water, soil, plant, food,
air, animals, and even utensils and recipients. The Bacillus genus emerges as the
prevailing environmental microorganism found in vinegar, capable of existing in all
stages of fermentation, either as the dominant species or in varying proportions. The
species found in this genus were B. licheniformis and B. amyloliquefaciens in Daqu starter
(Lietal., 2019). Despite few pathogenic members, Bacillus is found in the air, water, soil
or dust and is adaptable to various environments (Cote et al., 2014). This genus was
attributed as core microbiota and dominant in the production of flavors in Zhenjiang
aromatic vinegar (Wang et al., 2016). Also, it was dominant in Qishan vinegar during the
AAF process (Gan et al., 2017). The likely source of inoculation can be traced back to

the raw materials used in the process.

The second most frequent environmental groups in vinegar are Acinetobacter in
all stages of fermentation and Streptomyces in the early stages. Acinetobacter is a food

contaminant (Voidarou et al., 2021) and has some resistance to acidic food matrices. It
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presented positive correlations with acetic acid in the fermentation of Chinese cereal
vinegar (Wu et al., 2021) and traditional Shanxi-aged vinegar (Nie et al., 2017). As
Acinetobacter species do not secrete acetic acid, this positive correlation suggests a
tolerance for acetic acid presence (Nie et al., 2017). This characteristic contributes to the
persistence of this group as a contaminant in natural vinegar fermentation. In contrast,
Streptomyces, often considered an environmental contaminant microorganism, can serve
as a pivotal fermenter during the initial stage of vinegar production, owing to its inherent
potential for starch saccharification (Nie et al., 2013). They secret alpha-galactosidase
enzymes, which could hydrolyze raffinose family oligosaccharides (mainly raffinose and
stachyose) (Nie et al., 2013). This member probably originated from the alcohol mash
(Zhu et al., 2018) and was dominant in Duliu-daqu, the starter for Tianjin Duliu mature
vinegar (Nie et al., 2013). The main species were S. rangoonensis, S. cacaoi, S. gibsonii,
S. radiopugnans, and S. albus (Nie et al., 2013). Streptomyces was observed during the
first four days of vinegar Pei production. It decreased as the acid acetic fermentation
proceeded (Zhu et al., 2018), suggesting its role in the degradation of raw material in the

first moment of fermentation.

Additional environmental species include Rhizobium, Chryseobacterium,
Pantoea, Methylobacterium, Halomonas, and Xanthomonas. In addition, Streptomyces,
Rhizobium, and Xanthomonas were also observed in vinegar Pei in the first four hours
(Zhu et al., 2018). This group seems to contribute significantly to flavor formation. It
presented, along with Pantoea, a positive correlation with 2-octanone substance (Zhu et
al., 2018), as well as relevant esters production, including ethyl acetate, hexanoic acid
ethyl ester, propanoic acid 2-hydroxy-ethyl ester, ethanol, and 3-methyl-1-butanol. These
findings suggest its potential role in esterification processes (Zhu et al., 2018). Pantoea
is part of the main representative bacteria in Daqu, the starter used in traditional Chinese
vinegar production (Li et al., 2019). Methylobacterium can influence vinegar flavor, as it
is used in the food industry to produce 2,5- dimethyl-4-hydroxy-2H-furan-3-one, a
compound known for imparting a delightful strawberry flavor (Wang et al., 2015). In any
way, contaminant groups are susceptible to disappearing during fermentation.
Chryseobacterium disappears by the beginning of the ethanol oxidation phase. LAB's
presence is highly influential in inhibiting numerous strains of Rhizobium, Pantoea, and

Methylobacterium (Nie et al., 2017).
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Furthermore, vinegar worldwide can be susceptible to contamination from
external sources, including opportunistic or pathogenic groups associated with human
contact (Table 3). Certain groups, namely Escherichia and Shigella, have been reported
to be present in the initial stages or during various phases of the fermentation process.
Despite not being dominant, the presence of these microorganisms, even at low levels,
can pose a considerable risk (Zhu et al., 2018). They are widely recognized as major
contributors to foodborne illnesses on a global scale and have the potential to trigger
outbreaks, even with minimal contamination (McMahon et al., 2022). Fortunately,
Escherichia appeared during the early period of AAF fermentation and disappeared on
the ninth day (Nie et al., 2013). Acetic acid showed the most lethal action on E. coli strain
O157:H7, followed by lactic acid (Wang et al., 2021). Other opportunistic groups that
probably originated from raw materials are Pseudomonas, Enterobacter, Enterococcus,
Sphingomonas, Rhodococcus, Corynebacteria, Ralstonia, Nocardioidesa, and Klebsiella

(Wang et al., 2016; Zhu et al., 2018).

LAB diversity and functional role

Notably, vinegar exhibits a substantially higher diversity of LAB compared to
AAB, with LAB being represented by six genera and 26 species and AAB by three genera
and ten species (Table 4). Moreover, LAB demonstrates a pervasive presence in almost
all types of vinegar, emphasizing their extensive involvement in fermentation (Figure 2).
Lactobacillus stands out as the predominant group, constituting over 70% of the total
LAB population. This group primarily comprises L. plantarum, L. casei, L. acetotolerans,
and L. fermentum. Following closely behind Lactobacillus, the Pediococcus genus is

predominantly represented by P. acidilactici and P. pentosaceus.

Furthermore, other species like Weissella confusa, Lactococcus lactis,
Leuconostoc mesenteroides, and Oenococcus sp. contribute to the intricate microbial
landscape observed in vinegar production. Different LAB have been observed to
dominate at some stage of the fermentation process in various types of vinegar, such as
Lactobacillus in all except for rice (Haruta et al., 2006) and cereal vinegar (Zhang et al.,
2020); Pediococcus and Lactococcus in Shanxi-aged vinegar (Wu et al., 2012) and Daqu
starter (Tang et al., 2019); Weissella in Tianjin Duliu vinegar (Nie et al., 2013) and Qishan
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vinegar (Gan et al., 2017); Leuconostoc in Qishan vinegar (Gan et al., 2017); and
Oenococcus sp. in apple vinegar (Song et al., 2019; Trcek et al., 2016). Nie et al., (2013)
showed that LAB presented greater abundance (>70 %) and diversity in acetic acid

fermentation of Tianjin Duliu ripened vinegar than AAB by Illumina sequencing.

In general, Lactobacillus and Acetobacter, respectively, are the predominant
groups in vinegar fermentation (Fang et al., 2021; Zhang et al., 2020; Zhu et al., 2018).
This pattern seems to be followed regarding location, cited in traditional Chinese and
European vinegars (Nie et al., 2017). Lactobacillus can be dominant in association with
another LAB genus, such as Oenococcus sp. in Shanxi-aged vinegar fermentation (Nie et
al.,, 2017; Trcek et al., 2016), Weissella (Nie et al., 2013) and Leuconostoc in Qishan
vinegar (Gan et al., 2017), Lactococcus in Shanxi-aged vinegar (Zhu et al., 2018); and
Weissella in Duliu-daqu (Nie et al., 2013).

Lactobacillus exhibits remarkable stability in ethanoic environments, as
documented by (Nie et al., 2017) and can survive at low pH conditions (Gan et al., 2017).
Consequently, Lactobacillus is likely to be prevalent during the initial stage of AF vinegar
fermentation, in conjunction with the metabolic activities of S. cerevisiae and other yeasts
(Haruta et al., 2006). AF occurs in an anoxic environment, suitable for the growth of
facultative anaerobes, including yeasts and LAB (Nie et al., 2017). Also, some studies
indicate a symbiotic relation between LAB and yeasts, where yeasts provide amino acids
and vitamins for lactic acid production, while LAB provide energy sources (Chen et al.,
2017). In this way, LAB are mainly present in the early and middle stages of vinegar
fermentation, preceding acid acetic fermentation (AAF) (Zhang et al., 2020).

Throughout the fermentation process, the levels of LAB and other bacteria tend
to gradually decrease until the onset of AAF (Zhu et al., 2018). Both sequencing and
culture-dependent analysis revealed that Lactobacillus dominated the initial stage (day 10
to 30) of Zhejiang rosy vinegar fermentation, while Acetobacter remained highly
abundant from day 40 until the completion of the process (Fang et al., 2021).
Lactobacillus exhibited positive correlations with most bacterial genera present in this

vinegar, whereas it displayed a negative correlation with Acetobacter.
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As fermentation progresses, Acetobacter actively generates a significant quantity
of acetic acid, increasing titratable acid content. This rise in acidity contributes to the
exclusion of other bacterial genera suggesting co-exclusion relations between
Acetobacter and most genera (Fang et al., 2021). Early-stage groups, including LAB,
exhibited a disappearance by the ninth day of AAF in Tianjin Duliu vinegar fermentation,
indicating a low tolerance to acetic acid (Nie et al., 2013). In the process of Zhejiang rosy
vinegar, Lactobacillus displayed a continuous decline and ceased to be the dominant
bacteria during the middle and later phases of fermentation (Fang et al., 2021). The
relative abundance of LAB reaches >90% during AF of Shanxi-aged vinegar and
decreases to 49% at the end of AAF (Nie et al., 2017). Nevertheless, the detection of
certain LAB strains in AF and AAF suggests the possibility of domestication within the
genus (Nie et al., 2017). Some persistent species are L. acetotolerans (Wu et al., 2021),
Companilactobacillus  alimentarius  (former Lactobacillus  alimentarius) and
Limosilactobacillus reuteri (former Lactobacillus reuteri) in Chinese cereal vinegar
(Haruta et al., 2006), L. fermentum in Zhejiang rosy vinegar (Fang et al., 2021),
Limosilactobacillus panis (former Lactobacillus panis) in Zhenjiang aromatic vinegar,
and L. helveticus in Tianjin Duliu vinegar and Chinese cereal vinegar. P. acidilactici and
W. confusa were also persistent in Chinese cereal vinegar during AAF. LAB frequently
faces acidic matrices in fermented foods. To survive they developed innumerous
mechanisms to increase their resistance in hostile environments. These regulations in the
metabolism pathways involve mainly proton pump, cell membrane composition changes,
cell density, genetic material and protein repair and acid neutralization processes
(production of alkaline substances such as arginine, urea, and ammonia) (Wang et al.,

2018).

Some physicochemical factors can influence LAB performance in vinegar
fermentation. Oxygen levels and temperature are strongly correlated with L.
acetotolerans, L. alimentarius, and L. helveticus, as well as the AAB A. pasteurianus and
Komagataeibacter (Zhang et al., 2020). 30-C and 40°C are the optimal temperatures for
AAB and LAB, respectively. Lactobacillus is a temperature-sensitive genus and
decreases or even disappears under elevated temperature. Thus, Acetobacter's
temperature-tolerant genus is self-screened and dominates the production of acids (Wu et

al., 2021). In this way, their population may be quite controlled. For example, vinegar Pei
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is stirred manually, resulting in more LAB from the bottom to the upper layer, producing
significant amounts of lactic acid, amino acids and other flavor compounds during

vinegar fermentation (Nie et al., 2013).

LAB plays a pivotal role as the primary producer of lactic acid through organic
acid metabolism, owing to its positive correlation with this acid. Conversely,
Komagataeibacter and Acetobacter are positively associated with acetic acid production
(Wu et al., 2021; Zhu et al., 2018). Furthermore, LAB exhibits the ability to metabolize
sugars via two distinct pathways: as either homofermentative or heterofermentative
bacteria. Depending on the environmental conditions, heterofermentative species ferment
sugars and produce not only lactic acid but also acetic acid, resembling the metabolic
characteristics of AAB. During initial AAF, ethanol was the primary molecule available,
and genes ackA and ldh were highly expressed in Lactobacillus, suggesting lactic and
acetic acid metabolism. On the third day of Chinese cereal vinegar, the heat resulting
from fermentation inhibits this gene expression (Wu et al., 2021). Acetobacter appeared
on the fifth day and combined with Lactobacillus, produced acetic acid. Lactic acid then
decreased, probably due to the re-conversion of lactic acid under high oxygen conditions
(Wu et al., 2021). In Cupei vinegar, Lactobacillus also plays a significant role in organic

acid metabolism at initial AAF due to its high abundance (Nie et al., 2017).
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Figure 2. 16S rRNA Neighbor-joining tree showing the phylogenetic proximity of LAB species reported
in different types of vinegar. The 16S rRNA gene sequences were retrieved from the GenBank database
and aligned with ClustalW. The phylogenetic tree was constructed using the MEGA X program. Data was
collected from work by Song et al. (2019), Haruta et al. (2006), Viana et al. (2017), Nie et al. (2013), Wu
et al. (2012), Shi et al. (2013), Zhang et al. (2020), Nie et al. (2013), Fang et al. (2021), Xu et al. (2011),
Viana et al. (2017), Zhu et al. (2018), Li et al. (2019), Peng et al. (2015), Tang et al. (2019), Gan et al.
(2017) and Wang et al. (2016).

LAB notably impacts natural vinegar fermentation through sensorial
improvement, safety (Chai et al., 2020a; Nie et al., 2013), and quality of the final product
(Chen et al., 2017). Lactic acid is the second most prominent organic acid, mainly
produced from the early to middle-early stage (Zhang et al., 2020). It contributes to the
fresh and sour taste of vinegar, softening the strong flavor of the condiment (Nie et al.,
2017). Lactic acid is the primary non-volatile acid and can mitigate the intense flavor and
taste of vinegar, offering a more palatable experience for certain individuals (Wang et al.,
2016). Lactobacillus showed significantly positive correlations with dodecanoic acid,
ethyl ester, and 2,4- di-tert-butylphenol (Fang et al., 2021), rising cheesy flavor. The
bacterial species most related to non-volatile acids in Chinese cereal vinegar comprise
Lentilactobacillus  acetotolerans  (formerly  Lactobacillus — acetotolerans) and
Lacticaseibacillus helveticus (formerly Lactobacillus helveticus), which accounted for
>85 % of LAB (Zhang et al., 2020). It was found that the content of benzaldehyde

gradually augmented with the increasing abundance of Lactobacillus in Shanxi-aged
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vinegar, suggesting that it plays an important role in forming almond flavor (Zhu et al.,
2018). Lactococcus and Pediococcus dominance in the early stage represented a positive
correlation to esters including ethyl acetate, hexanoic acid, ethyl ester, propanoic acid, 2-
hydroxy-ethyl ester, ethanol, and 3-methyl-1-butanol, which suggests that these bacteria
participate in esterification, providing important effect for the aroma of Shanxi-aged
vinegar in the early stage. Also, Lactobacillus has a positive relation which contributed
to the content of the propanoic acid-2-hydroxy-ethyl ester, rising aroma of alcohol, fruit,
and cream (Zhu et al., 2018). Additionally, Lactococcus has a positive correlation to 2-
octanone which can add desirable fruity, blue and parmesan cheese notes with mushroom

and dairy nuances to the final product (Zhu et al., 2018).

During solid-state fermentation of cereal vinegar, acetoin is an important flavor
substance, releasing a creamy yogurt aroma and buttery taste. Lacticaseibacillus casei
and Acetobacter pasteurianus enhance acetoin accumulation, key contributors to vinegar
aroma (Chai et al., 2020a). Many LAB species are associated with acetoin metabolism,
such as Lactococcus lactis, Lacticaseibacillus rhamnosus, Lactobacillus crustorum,
Lactobacillus flora, and Lacticaseibacillus casei. It was found that Acetobacter strains in
co-culture with L. fermentum had greater efficiency in acetoin accumulation than

Acetobacter in monocultures (Zhao and Yun, 2016).

During the initial stages of fermentation, LAB effectively inhibits the proliferation
of undesirable environmental microorganisms. This is due to the potential antimicrobial
activity of lactic acid, which lowers the pH of the fermentation matrices. Additionally,
LAB's production of bacteriocins is a noteworthy function in food processing, as these
compounds effectively inhibit the growth of spoilage and pathogenic microorganisms
(Fang et al., 2021; Haruta et al., 2006). In traditional Shanxi-aged vinegar, lactic acid
demonstrates inhibitory effects on various microorganisms, including Rhizobium,
Sphingomonas, Pantoea, Pseudomonas, Methylobacterium, and Cladosporium, as
documented by Nie et al., (2017). Furthermore, LAB can act to inhibit harmful molecules
formed during vinegar processing. Free amino groups and reducing sugars found in
liquid-state vinegar fermentation can react with each other and form advanced glycation
end-products (AGEs). Absorption of these molecules is known to cause accelerated aging
and diabetic complications such as inflammation, nephropathy, protein denaturation and

oxidative stress (Li et al., 2022). Then, exogenous chemical inhibitors, such as catechin,
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phenolics, and alkaloids, are recommended; however, the high cost and potential adverse
effects of these inhibitors difficult their industrial use. Limosilactobacillus fermentum
showed a great inhibitory effect on the formation of different AGEs in fermentation,
contributing to the safety of the final product. Moreover, Limosilactobacillus fermentum
improved the variety of flavor compounds, including esters, alcohols, phenols and acids

(Liet al.,, 2022).

Metabolites and aromas secreted by LAB

Taste (sweet, bitter, sour, salty, and umami) and aroma are the key attributes that
define the quality and degree of acceptance of vinegar by consumers. It is known that the
sensory profile of these foods is mainly shaped by organic acids that include acetic, lactic,
tartaric, citric acid, and volatile compounds such as esters, aldehydes, ketones, alcohols,
and terpenes. In addition, these metabolites also have a significant impact on the
appearance and texture of the final product (Hu et al., 2022; Peyer et al., 2016). Although
the precursors required for the formation of these aromatic compounds are diverse, the
main substrates that can be used by the microbiota involved in vinegar production are
carbohydrates, proteins, fatty acids, and citric acid (Smid and Kleerebezem, 2014).
However, the proportion of these components can vary significantly between the raw
materials used in vinegar manufacturing, resulting in a great diversity of flavors as

observed in Figure 2 (Ji, 2022).

Figure 3 illustrates the primary substrates and metabolic pathways employed by
LAB during vinegar fermentation. The fermentation of vinegar is a complex process that
produces acetic acid as the main acid (Xia et al., 2020). Lactic acid, tartaric acid, and
citric acid are non- volatile acids that can also be present in vinegar, although in varying
concentrations depending on the specific fermentation conditions and raw materials used
(Raspor et al., 2008). While acetic and lactic acids are derived from microbial
metabolism, tartaric and citric are organic acids commonly found in fruits and are often
present in the raw materials used for vinegar production (Jayabalan et al., 2014). The
metabolic pathway of AAB involved in acetic acid production is called the “oxidative
pathway” or the “Krebs cycle bypass pathway”. This pathway allows AAB to efficiently
convert ethanol to acetic acid, resulting in vinegar's characteristic sour taste and acidity
(Mamlouk and Gullo, 2013; Trcek et al., 2016). On the other hand, LAB can contribute
to acetic acid production through the phosphoketolase pathway. The phosphoketolase



64

pathway produces three key vinegar's characteristic sour taste and acidity metabolic end
products: lactic acid, acetic acid, and carbon dioxide, with ethanol possibly being

produced as a minor product (Gullo et al., 2014).

Substrates used for vinegar production
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Figure 3. Schematic representation of the major metabolic pathways and metabolites generated by LAB
during vinegar fermentation from existing precursors of main substrates.

In general, lactic acid is the second most prevalent organic acid in the final vinegar
product, with a wide range from 2575.7 to 30,336.6 mg/L (Fang et al., 2021; Nie et al.,
2013; Xia et al., 2020; Zhu et al., 2016). This indicates variations in fermentation
conditions or the presence of other microorganisms capable of producing lactic acid. LAB
are the main producer of lactic acid. Generally, these microorganisms use a metabolic
pathway called Embden-Meyerhof-Parnas (EMP) to convert glucose to pyruvate, which

is transformed into lactic acid by lactate dehydrogenase (de Melo Pereira et al., 2020a;



65

Endo et al., 2014). Among LAB, species belonging to the Lactobacillus genus are often
associated with lactic acid production in vinegar (Li et al., 2016; Zhu et al., 2018).
However, a study by Wang et al., (2016) showed that although Lactobacillus dominated
the fermentation, variations in lactic acid content during the fermentation process also

showed a positive correlation with Weissella.

Regarding the volatile fraction, it is known that not all compounds contribute to
the flavor and aroma of the product; however, the major metabolites have a substantial
effect on flavor characteristics (Wang et al., 2019). The formation of volatile compounds
during traditional vinegar production and the impact on the final product is still poorly
explored, but recent studies have shown that >60 aromatic compounds have been
identified (Fang et al., 2021; W. Wang et al., 2023; Zhu et al., 2016, 2018). In general,
more molecules belonging to esters and to a lesser extent, alcohols, aldehydes, and
ketones have been observed (Fang et al., 2021; W. Wang et al., 2023). For example, 26
esters, six alcohol, five aldehydes, and four ketones were identified in Pei of Shanxi-aged
vinegar (Zhu et al., 2018). This same profile was also detected in Zhejiang rosy vinegar,
with ethyl acetate being the main ester identified in both studies (Fang et al., 2021; Zhu
et al., 2018). Other molecules, such as propanoic acid-2-hydroxy-ethyl ester and hexanoic
acid ethyl ester, were also detected and positively correlated with Lactococcus and
Lactobacillus (Zhu et al., 2018). These compounds can generally be generated from the
catabolism of amino acids performed by LABs. Metabolism in question plays an
important role in obtaining energy under nutrient-limited conditions and maintaining pH
homeostasis (Mayo et al., 2010). Furthermore, a study by Mutaguchi et al., (2013) showed
that LAB metabolism is primarily responsible for increasing the amino acid content in
the medium during tomato vinegar fermentation. On the other hand, when LAB is in a
rich environment, such as that of vinegar, the surplus amino acids become precursors for
a range of flavor active compounds that can be generated by either the transaminases or
lyase pathways or by enzymatic conversion (Smid and Kleerebezem, 2014; Smit et al.,

2005).

In addition to amino acid catabolism, Lactobacillus, Pediococcus, and
Lactococcus species can convert citric acid to aromatic compounds (De Melo Pereira et
al., 2020). This metabolism transports extracellular citric acid into the cytoplasm via

membrane-associated permeases. After citrate enters the cell, it is transformed into
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oxaloacetate under the catalysis of the citric acid lyase complex. Next, oxaloacetate is
decarboxylated by oxaloacetate decarboxylase to produce pyruvate and carbon dioxide
(Wang et al., 2021). The acidic environment of vinegar favors the accumulation of
pyruvate and the production of a-acetolactate, a precursor of active flavor compounds
such as 2,3-butanediol, diacetyl, and acetoin (Sanchez-Zurano et al., 2021; Snoep et al.,

1992; Wang et al., 2021).

In recent years, high-throughput sequencing has been applied to understand the
behavior of bacteria in traditional vinegar (Tables 1, 2, 3, and 4). However, it is still
challenging to correlate these microbial structures with the compounds generated during
the fermentative process. Thus, further investigations are still needed to understand the
production dynamics of volatile compounds and their relationships with different

microbial groups.

Functional properties

Vinegar contains a rich profile of bioactive compounds, including organic acids,
polyphenols, melanoidins, tetramethylpyrazine, amino acids, vitamins, and minerals.
These compounds have been extensively studied for their potential health benefits (Xia
et al., 2020). However, the relationship between the health benefits of LAB and vinegar
consumption is often overlooked. Many LAB reported in Table 4 have been characterized
as probiotics. In addition, the metabolic by-products or components released by probiotic
microorganisms during fermentation have gained attention for their potential health
benefits to consumers. These compounds, called postbiotics, comprise bioactive soluble
molecules that do not fit traditional definitions of probiotics, prebiotics, or para probiotics
and include enzymes, peptides, polysaccharides, and other bioactive compounds (Moradi

et al., 2020).

The “Guidelines for Evaluation of Probiotics in Food” published by the Food and
Agriculture Organization and World Health Organization set forth safety and
effectiveness standards for probiotics. These guidelines propose various criteria for
probiotic selection, encompassing resistance to adverse conditions within the human
body, epithelial adhesion capability, antimicrobial activity, and safety assessment. There
is no comprehensive study on the probiotic potential of LAB contained in vinegar.

However, specific studies have pointed out the probiotic potential of different sprains in



67

isolated cases. In their study, Sui et al., (2021) isolated four strains of Lactiplantibacillus
plantarum and conducted comprehensive evaluations of several characteristics, including
bile salt hydrolysis, resistance to gastrointestinal fluids, antioxidant and antimicrobial
activity, haemolytic activity, antibiotic resistance, auto- aggregation, co-aggregation, and
adhesion to human Caco-2 cells. Particularly noteworthy, the L. plantarum NF4 strain

exhibited promising probiotic potential along with a hypolipidemic effect.

P.s acidilactici has been identified in different types of vinegar, such as rice,
Chinese cereal and Shanxi-aged vinegar (Table 4). The potential probiotic activity of this
species was previously accessed through tolerance to gastrointestinal fluids, auto-
aggregation and antimicrobial activity against Listeria, Salmonella, Enterococcus, and
Staphylococcus by Jaiswal et al., (2022). Furthermore, the strain studied presented the

ability to adhere to colon cells and as an antiproliferative effect against colon cancer cells.

Lacticaseibacillus helveticus (former L. helveticus), LAB related to Tianjin Duliu
and Chinese cereal vinegar microbiota, had its probiotic potential demonstrated in
koumiss, a traditional fermented beverage produced with mare's milk (Rong et al., 2015).
The authors proposed the main pathways associated with the reduction of blood lipid
levels following koumiss consumption; a metabolomic approach revealed an increase in
stearic acid, butyrate, linoleic acid, sphingosine, alanine, tyrosine, a, and y-tocotrienol
levels, which were related to the hypolipidemic effect. Moreover, L. helveticus strain
showed tolerance to gastrointestinal fluids, high capacity for adhesion to intestinal cells

and self-aggregation.

The species Levilactobacillus brevis (former Lactobacillus brevis), L. plantarum,
and L. fermentum associated with vinegar (Table 4) were identified as potential probiotics
by Angmo et al., (2016). In this study, the probiotic potential of 25 different LAB strains
isolated from Indian fermented beverages and foods were evaluated in vitro. A principal
component analysis (PCA) was performed to select the ten most promising strains
according to the probiotic potential tests (lysozyme tolerance, exopolysaccharide
production, and B-galactosidase activity) and choose that one closer to L. casei Shirota
profile (reference strain). An L. plantarum strain was the most promising to apply as a

probiotic in fermented beverages.
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Although Lactobacillus comprises the most abundant genus in vinegar LAB
diversity, Weissella has been identified in different types of vinegar, such as Chinese
cereal, Tianjin Duliu ripened and Shanxi-aged vinegar. The probiotic potential of
Weissella strains isolated from a traditional Indian fermented food was performed by (S.
Sharma et al., 2018). Weissella confusa showed lysozyme and bile acid tolerance, auto-
aggregation and co-aggregation properties; besides that, antioxidant activity, cholesterol
control capacity, inhibition of pathogens biofilm formation, enzymatic activities of
proteases and [-galactosidase production were also demonstrated. The authors
emphasized the potential of W. confusa as a probiotic, highlighting its safety aspects,
including susceptibility to antibiotics, absence of haemolytic activity, and absence of

DNase and gelatinase activities.

In line with these results, Lakra et al., (2020) also demonstrated the probiotic
properties of W. confusa and W. cibaria strains isolated from a fermented batter (dosa).
Considering that one of the most important features of probiotics is the tolerance to stress
caused by gastrointestinal fluids and bile salts, both species are considered promising
candidates for probiotic use by the food industry. Cai et al., (2022) have linked a
mechanism called the HigBA toxin-antitoxin system to the stress response triggered by
high concentrations of bile salts. In this system, HigB acts as the toxin protein while HigA
functions as the cognate antitoxin protein. During stressful conditions, HigA is
hydrolyzed, liberating the HigBA complex from the operator region and, thereby forming
stress-persistent cells. Furthermore, overexpressed genes associated with stress response
were identified in Weissella spp., shedding light on their role in stress adaptation within

probiotic strains.

Several other LAB strains with probiotic potential already studied in different
types of fermented foods can be correlated with bacteria isolated from vinegar, for
example, Pediococcus pentosaceus isolated from Idly batter (Vidhyasagar and
Jeevaratnam, 2013); L. buchneri isolated from kimchi (Cheon et al., 2020); L. delbrueckii
subsp. bulgaricus isolated from homemade yogurt (Tok and Aslim, 2010); L. lactis from
kimchi (Lee et al., 2015); Leu. mesenteroides subsp. mesenteroides isolated from
Brazilian water buffalo mozzarella cheese (de Paula et al., 2014); O. oeni e L. casei from

water kefir grains (Yin et al., 2021).
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Probiotic yeasts undergo similar evaluations to probiotic bacteria, including
assessments of bile and acid tolerance, auto-aggregation, co- aggregation, and safety.
Saccharomyces and non-Saccharomyces play an essential role during the saccharification
and alcoholic fermentation process in vinegar (Wu et al., 2012). Although studies in
vinegar have not demonstrated the probiotic effect of yeasts, their safety has been
evaluated for industrial uses, with promising results for S. cerevisiae, S. boulardii, Pichia
anomala, P. kudriavzevii, Lachancea thermotolerans, Candida vini, and Hanseniaspora
osmophila (Ferndndez-Pacheco et al.,, 2021a). Additionally, genera such as
Debaryomyces, Meyerozyma, and Torulaspora have also demonstrated probiotic effects
for application in fermented foods (Staniszewski and Kordowska-Wiater, 2021). S.
boulardii is the most studied probiotic yeast. In addition to its high tolerance to
gastrointestinal conditions, i.e., surviving in high concentrations of acid and bile salts and
low pH values, S. boulardii can modulate inflammatory processes, since it reduces the
levels of pro-inflammatory molecules (Shruthi et al., 2022). Furthermore, it helps to
recover from diarrhea, producing digestive enzymes that play an important role in the
host's health, impacting the intestinal absorption of nutrients. S. boulardii also participates
in quorum sensing pathways, modulating the intestinal microbiota. It can be regarded as
a multifunctional probiotic, given its numerous additional positive health effects (Yadav

et al., 2019).

Among non-Saccharomyces yeasts, several strains of P. kudriavzevii, isolated
from cocoa in Indonesia, were evaluated for antioxidant capacity and probiotic potential
(Wulan et al., 2021). Among all isolates evaluated, ten stood out as promising candidates
for this purpose. Pichia kudriavzevii strains isolated from African fermented cereal-based
foods were assessed for their potential use as probiotics, focusing on their adherence to
intestinal Caco-2 cells and their ability to produce folate and phytase. P. kudriavzevii
demonstrated promising results, enhancing nutritional quality through the production of

folate and phytase, in addition to meeting probiotic criteria (Greppi et al., 2017).

Meyerozyma caribbica isolated from pineapple showed satisfactory results in
comparison with S. boulardii (used as a probiotic control strain), specially related to
tolerance to bile, acids and pepsin, autoaggregation, hydrophobicity, and resistance to
antibiotics. The last one is particularly interesting for yeasts, as they are more resistant

than bacteria. Therefore, antibiotic treatments would not affect the probiotic effect of
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yeast (Amorim et al., 2018). M. caribbica was also identified by Fernandez-Pacheco et
al., (2021b) in Brazilian flowers and fruits. Other yeasts, such as Rhodotorula
mucilaginosa and Diutina rugosa were also identified, presenting more promising results

when compared to S. boulardii.

Most of the studies examined in this review focus on non-vinegar microbial strains
possessing probiotic properties. This result shows that this fermented product is poorly
explored for future research on possible probiotic use. Although in vitro and in vivo
studies have shown promising results for the strains, human studies are crucial to validate
the beneficial effects on human health, being a probiotic or postbiotic. Furthermore,
determining the appropriate doses and potential adverse effects associated with the
consumption of highly acidic products such as vinegar will undoubtedly contribute to a
better understanding of the real health benefits of vinegar consumption. For now, vinegar
appears to be a potent postbiotic functional food as it presents numerous corroborations

of its intake benefits.

Conclusion

In conclusion, this study has shed light on the intriguing role of vinegar as a
reservoir of LAB and its potential as a source of acid- resistant probiotics. Our findings
have highlighted the rich diversity of LAB present in vinegar, indicating its suitability for
further exploration in the field of probiotics.

However, it is crucial to acknowledge that LAB viability undergoes a significant
reduction during vinegar fermentation. While vinegar contains LAB, none of the vinegar
studied so far met the minimum viable amount required for probiotic labeling. This
observation emphasizes the challenges faced in harnessing vinegar as a viable probiotic

product.

To fully unlock the potential of vinegar as a probiotic, further studies are
imperative. These investigations should focus on enhancing LAB viability during vinegar
fermentation, identifying strains with enhanced acid resistance, and establishing
appropriate dosage and consumption guidelines to ensure functional probiotic benefits.
Meanwhile, studies are showing the benefits of ingestion of numerous vinegar types

spread around the world, thus fitting them into the term postbiotic. Even so, more in vitro
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and clinical studies must be conducted to support this hypothesis. The identification and
characterization of specific LAB strains from vinegar that possess desirable probiotic
attributes, such as acid resistance and potential health benefits, warrant extensive research
to achieve a closely probiotic product. This knowledge will contribute to the development
of innovative approaches in the food industry, leading to the production of functional

vinegar-based products enriched with beneficial LAB strains.

CHAPTER TWO - A REVIEW ON ENZYME-PRODUCING LACTOBACILLI
ASSOCIATED WITH THE HUMAN DIGESTIVE PROCESS: FROM
METABOLISM TO APPLICATION

Manuscript published in Enzyme and Microbial Technology journal. DOI:
https://doi.org/10.1016/j.enzmictec.2021.109836

Abstract
Complex carbohydrates, proteins, and other food components require a longer digestion
process to be absorbed by the lining of the alimentary canal. In addition to the enzymes

of the gastrointestinal tract, gut microbiota, comprising a large range of bacteria and
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fungi, has complementary action on the production of digestive enzymes. Within this
universe of "hidden soldiers", lactobacilli are extensively studied because of their ability
to produce lactase, proteases, peptidases, fructanases, amylases, bile salt hydrolases,
phytases, and esterases. The administration of living lactobacilli cells has been shown to
increase nutrient digestibility. However, it is still little known how these microbial-
derived enzymes act in the human body. Enzyme secretion may be affected by variations
in temperature, pH, and other extreme conditions faced by the bacterial cells in the human
body. Besides, lactobacilli administration cannot itself be considered the only factor
interfering with enzyme secretion, human diet (microbial substrate) being determinant in
their metabolism. This review highlights the potential of lactobacilli to release functional
enzymes associated with the digestive process and how this complex metabolism can be
explored to contribute to the human diet. Enzymatic activity of lactobacilli is exerted in
a strain-dependent manner, i.e., within the same lactobacilli species, there are different
enzyme contents, leading to a large variety of enzymatic activities. Thus, we report
current methods to select the most promising lactobacilli strains as sources of bioactive
enzymes. Finally, a patent landscape and commercial products are described to provide
the state of art of the transfer of knowledge from the scientific sphere to the industrial

application.
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Introduction

Enzymes are part of different biological processes of importance to human health.
In the gastrointestinal tract (GIT), the digestive enzymes contained in the lysosomes
promote the digestion of the most varied substances taken from outside of the cell. These
enzymes act in a coordinated manner transforming carbohydrates, proteins, and fats into
their monomers for human cell absorption. Some examples of digestive enzymes include
amylase and lactase produced in the salivary glands; pepsin(ogen) in the gastric glands;
trypsin(ogen), pancreatic amylase, lipase, and nuclease in the pancreas; and maltase and
lactase in the small intestine (Govindaraj et al., 2020; Welcome, 2018).

Enzymes produced by gut-colonizing bacteria have a complementary action in
breaking down complex substances during human metabolism. This microbial
consortium consists of various representatives of bacteria, archaea, viruses, and fungi
revealing themselves as a highly complex ecosystem (Peng et al., 2021). It contains more
than 10 12 bacterial colony-forming units per gram, where approximately 1000 species
live in symbiosis with the host. Lactobacilli are part resident of the human GIT from its
initial colonization (de Melo Pereira et al., 2018; Xanthopoulos et al., 2000). They are
included in the metabolic-based lactic acid bacteria (LAB) classification, comprising, at
this time, more than 260 valid species and 29  subspecies
(/wwww.bacterio.net/genus/lactobacillus) (Raveschot et al., 2018). As their name
implies, they can form more than 50 % lactic acid as the product of carbohydrate
utilization (Claesson et al., 2007; Hugenholtz et al., 1998). Lactobacilli origin is believed
to be of plant material; however, a combination of extensive loss and acquisitions of key
gene via horizontal transfer played a major role in the evolution and adaptation of these
organisms to different environmental niches, including fruits, vegetables, cereal grains,
fermentation processes (milk, dairy products, and meat), and human and animal
microbiota (oral, gastrointestinal, and genital tracts) (Cavanagh et al., 2015). Lactobacilli
diverged from the Bacillus genus through the loss of genes particularly related to cofactor
biosynthesis and sporulation (Makarova et al., 2006). On the other hand, the acquisition
of genes of transporters for efficient carbon and nitrogen utilization explains the
adaptation of this microbial group to nutritionally rich environments (Barrangou et al.,

2003; Klaenhammer et al., 2005).
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Since the first classification by Orla-Jensen in 1919 (Bernardeau et al., 2006;
Salvetti et al., 2012; Zheng et al., 2020), the genus of Lactobacillus has been the subject
to taxonomic variations due to the popularization of phylogenetic studies using molecular
data and powerful computer analyses. Advances in molecular techniques (DNA-DNA
hybridization, mol % G+C content, and rRNA gene sequencing) allowed greater
knowledge about the complex taxonomy and phylogeny of the group (Claesson et al.,
2008; Zheng et al., 2020). Recently, a new taxonomic reclassification revision of the
genus was proposed by Zheng et al., (2020). This study evaluated whole-genome
sequences based on the polyphasic approach, considering the average nucleotide identity
(ANI), average amino acid identity (AAI), core-gene average amino acid identity (cAAI),
core-genome phylogeny, signature genes, and metabolic or ecologic criteria. Thus, the
Lactobacillus genus was reclassified into 25 genera, which are being adopted in new
scientific publications (International Scientific Association for Probiotics and Prebiotics,

2020).

Studies have shown that several lactobacilli species can produce enzymes
associated with the human digestive process (Garcia-Cano et al., 2020). It has been found
that lactobacilli administration complements the digestion of the host, breaks down
complex food components, and releases bioactive molecules, such as short-chain fatty
acids (SCFA), prebiotic polysaccharides, galactooligosaccharides (GalOS), conjugated
linoleic acids, phenols, and bioactive peptides. However, the exact microbial mechanism
of action during the human digestive process is poorly known and needs further studies,
with in vivo studies being generally scarce. This review provides a comprehensive
overview on digestive-associated enzymes produced by Lactobacillus species, selection
methods of enzyme-producing microorganisms, and a patent landscape on emerging

products.

Lactobacilli-derived enzymes

Different species of Lactobacillus and recent reclassified genera have been
studied regarding the release of functional enzymes (Figure 1). They are generally
isolated from diverse sources, including crops, fermented foods, intestines, and feces of
humans and animals (Table 1). The enzymes covered and detailed in this review include
lactase, proteases, peptidases, fructanases, amylases, bile salt hydrolases, phytases, and

esterases.
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Figure 1. Maximum-likelihood tree based on 16S rRNA gene sequences showing the phylogenetic
relationships of enzyme-producing lactobacilli associated with the human digestive process. The 16S rRNA
gene sequences were retrieved from the GenBank database according to Zheng [15] and aligned with
ClustalW. The phylogenetic tree was constructed using MEGA X version 10.1 program [192]. The type
sequences used were: Lactobacillus acidophilus BCRC 10695 (access number: AY773947.1),
Lactobacillus johnsonii ATCC 33200 (access number: AJ002515.1), Limosilactobacillus fermentum CIP
IN175331.1), 102980 (access Lactiplantibacillus number: plantarum NRRL B-14768 (access number:
AJ965482.1), Limosilactobacillus reuteri (access number: MN865144.1), Lentilactobacillus buchneri JCM
1115 (access number: AB205055.1), Ligilactobacillus salivarius ATCC 11741 (access number:
AF089108.2), Lacticaseibacillus casei ATCC 393 (access number: AF469172.1), Lactobacillus helveticus
DSM 20075 (access number: AM113779.1), Lactobacillus gallinarum ATCC 33199 (access number:
AJ417737.1),  Lactobacillus  amylovorus DSM 20531  (access number: AY944408.1),
Companilactobacillus farciminis ATCC 29644 (access number: MS58817.2), Companilactobacillus
alimentarius DSM 20249 (access number: M58804.2), Lentilactobacillus hilgardii DSM 20176 (access
number: M58821.2), Fructilactobacillus fructivorans KCTC 3543 (access number: NR 036789.1),
Fructilactobacillus sanfranciscensis ATCC 27651 (access number: X76327.1), Levilactobacillus brevis
ATCC 14869 (access number: M58810.1), Lactiplantibacillus pentosus JCM 1558 (access number:
D79211.1), Lacticaseibacillus rhamnosus JCM 1136 (access number: D16552.1), Lactobacillus
delbrueckii BCRC 12195 (access number: AY773949.1), Lacticaseibacillus paracasei DSM 5622 (access
number: D79212.1), Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842 (access number:
NR 075019.1), Lactobacillus crispatus ATCC 33820 (access number: AF257097.1), Latilactobacillus
sakei DSM 20017 (access number: AM113784.1), Lacticaseibacillus manihotivorans OND 32 (access
number: AF000162.1), Amylolactobacillus amylophilus DSM 20533 (access number: M58806.2),
Lactobacillus gasseri ATCC 33323 (access number: AF519171.1), and Lactobacillus jensenii ATCC
25258 (access number: AF243176.1).

Table 1. Enzyme-producing lactobacilli strains.
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Microorganism Matrix origin Molecular  Temperature pH Reference
weight optimum (°C) optimum
(kDa)
Amylase
L. acidophilus LEM 220 Chicken crop - 55 5.5 (Wang et al., 2012)
L. acidophilus LEM 202 Chicken crop - 55 5.0 (Wang et al., 2012)
L. acidophilus LEM 207 Chicken crop - 40 6.4 (Wang et al., 2012)
L.plantarum (A6)" Cassava roots - 55 5.0 (Jiang et al., 2010)
L. fermentum Ogi E1” Fermented - 45 5.0 (Haros et al., 2008)
maize doughs
L. maniho tivorans* - 135 37 6.5 (Sreeramulu et al.,
1996)
L. amylophilus GV6" Starch industry 90 55 5.5 (Raghavendra and
waste Halami, 2009)
L. paracasei B41" Beverage boza, 67 45 5.0 (Shoaib et al., 2016)
prepared from
wheat
Bile salt hydrolase
L. acidophilus NCFM Human - - - (Masuda, 1981)
L. acidophilus O16 and L. Human intestine 126 - - (Ren et al., 2011)
acidophilus L1
L. acidophilus ATCC Porcine 126 - - (Ren et al., 2011)
43121 intestine
L. johnsonii 100 Human - - - (Kim et al., 2004)
L. fermentum KC5b" Healthy human - - - (Franz et al., 2001)
feces
L. plantarum NDVR" Strain bank - - - (Franz et al., 2001)
L. johnsonii PFO1 Piglet feces 37 70 5.5 (Patel et al., 2010)
L. fermentum MTCC Fermented milk 36.5 - 7.5 (Foley et al., 2021)
87117 products
L. plantarum 80" Human intestine - 30 -45 4.7-5.5 (Van Eldere et al.,
1996)
L. plantarum 80 (ML80)" Silage - - - (Reale et al., 2004)
L. plantarum WCFS1" Human small 38-36 - - (Joyce et al., 2015)
intestine
L. plantarum ST-III" Chinese pickles 37, 39, 37, - - (Jones et al., 2012)
and 36
L. plantarum CGMCC Silage 37.53, 36.14, - - (Li and Chiang, 2014)
8198 and 35.65
L reu te”.* Pig feces - - - (Tamang et al., 2009)
L. buchneri ATCC 4005" Strain bank - - - (Pulido et al., 2007)
L. reuteri CRL 1098" - 80 37-45 45-55 (Lavilla-Lerma et al.,
2013)
* Chicken 37 41 5.4 (Zotta et al., 2007)

L. salivarius
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L. helveticus, L. Human intestine - - 6.0 (Hayek and Ibrahim,
* 2013)
fermentum and L.
gallinarum
Phytase
L. casei DSM 20011 and Fermented - 50 5.5 (Igbal et al., 2011)
L. plantarum W42' milks and plant
fermentations
L. amylovorus and L. Culture - 40 4.4 (Sun et al., 2020)
plantarum’ collections
L farciminis*, L Sourdough 50 45 4.0 (Kahouli et al., 2013)
%
alimentarius , L.
acidophilus, L.
%
plantarum , L.
%
fermentum*, L. hilgardii
%
L. fructivorans , L.
sanfmnciscensis*, L.
%
brevis
L.pentosus CECT 4023° Sourdough 69 50 5.0 (Liu et al., 2016)
% .
L. rhamnosus, and L. .Chlck'en - - - (Wang et al., 2008)
intestine
amylovorus
L. casei MF50", L. Ethiopian injera - - - (Srinivasan et al., 2007)
fermentum MF25", and L. (African soft
plantarum MF79" pancake)
I brevis*, and L. Southern Italian - - - (Putranto et al., 2020)
. sourdough
plantarum
I brevis* and L. Fe-rmented - - 5.8-6.0 (Mustafa et al., 2020)
p . Himalayan
plantarum vegetables
L * Cheese 73 -34 120 - 110 34-34 (Mroczynska et al.,
L. brevis
2013)
L. plan tarum* Carper berry - - - (Beganovic¢ et al., 2013)
*
L. plantarum and L. Cheese - - - (Goh et al., 2007)
paracasei*
I Italian Cornetto - - - (Bhathena et al., 2008)
. plantarum i
di Matera
sourdough
L. acidophilus, L. Sweet potato - - 5.5 (Fritsch et al., 2017)

*
plantarum , L. reuteri

*
and L. rhamnosus

%



78

L. plantarum MTCC Cereal-legume - - 5.5 (Kin et al., 2009)
13257 fermentation
L. pentosus SJ65" Fermented - 35 4.5 (Liu et al., 2016)
Uttapam batter
L. fermentum NKN51" Yak cheese 29.9 60 5.0 (Abeijon Mukdsi et al.,
2012)
Lactase
L.acidophilus Fermented Ragi 50 - 7,0 (Suri et al., 2019)
L. acidophilus ATCC Culture - 45 6.5 (Bhatia et al., 2015)
4356 collection
L. delbrueckii ssp. Fermented - - 6.0-7.0 (G.X.Liuetal,2011)
bulgaricus DSMZ 20081 camel milk
and L. acidophilus
L. helveticus DSM 20075 - 75 -35 60 — 55 6.5 (Igbal et al., 2010)
L. fermentum K4" Chinese 72 - 35 45 -50 7.0 (Neves et al., 2005)
traditional dairy
products
L. delbrueckii subsp. Bulgarian 105 45 - 60 7.5 (Carevi¢ et al., 2016)
bulgaricus DSM 20081 yogurt
L. crispatus ATCC 33820  American Type - 45 6.5 (Di Stefano et al., 2007)
Culture
Collection
L. casei ATCC393" Culture - - - (Silanikove et al., 2015)
collection
L. pentosus KUB-ST10-1"  Soil of a dairy 105 60 - 65 7.5-8.0 (Vasiljevic and Jelen,
farm in 2003)
Thailand
L. plantarum WCFS1" - 107 60 7.0-7.5 (Shoaf et al., 2006)
L. sakei Lb790° Meat 110 55 6.5 (He et al., 2016)
L. reuteri L103" Culture - - 6.0 (Indira et al., 2019)
collection
Protease
L. fermentum R6" Harbin dry 37.7 40 6.0 (Zhu et al., 2020)
sausages
L. paracasei TKUO12" Infant vomited 49 60 10.0 (Genay et al., 2009)
milk
L. plantarum 1.13" Bakasam 243 40 4.0 (Topisirovic et al.,
(traditional 2010)
fermented meat)
L. plantarum PTCC 1896 Breast fed 25 39 7.5 (Mtshali et al., 2010)
infant
L. helveticus M92 - - - - (Wu et al., 2011)
Fructanase
L. crispatus Sourdough - - - (Chae et al., 2013)
L. reuteri 1217 - - - 5.0-5.5 (Chiang, 2013)
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L. gasseri DSM 20604 Culture 83 - - (Begley et al., 2006)
collection
L. gasseri - 84 50 45-6.0 (Begley et al., 2006)
L. paracasei 1195 - 139 - - (Kumar et al., 2013)
L. reuteri 1217 - - 50 4.0-55 (Chiang, 2013)
L. crispatus DSM29598 Sourdough - - - (Jayashree et al., 2014)
L. jensenii - 65 45 6.0 (Long et al., 2017)
L. reuteri TMW1.106" Sourdough - - - (McAuliffe et al.,
2005)
Esterases
L. fermentum NRRL B- NRRL culture 27.1 37 6.5 (Molska and Reguta,
1932" collection 2019)
L. fermentum 11976" Culture - - - (Bhathena et al., 2008)
collection
L. gasseri, L. acidophilus, German 27-29 20 - 30 7.0-8.0 (Fritsch et al., 2017)
N .
L. plantarum and L. ('Dollectlon'of
. Microorganisms
fermentum and Cell
Cultures
L. fermentum CRL1446" Goat milk - - - (Abeijon Mukdsi et al.,
cheese 2012)

Note: *According to the new classification proposed by [8] species names have been changed to:
Limosilactobacillus fermentum (formerly Lactobacillus fermentum), Lactiplantibacillus plantarum
(formerly Lactobacillus plantarum), Limosilactobacillus reuteri (formerly Lactobacillus reuteri),
Lentilactobacillus buchneri (formerly Lactobacillus buchneri), Ligilactobacillus salivarius (formerly
Lactobacillus salivarius), Lacticaseibacillus casei (formerly Lactobacillus casei), Companilactobacillus
farciminis (formerly Lactobacillus farciminis), Companilactobacillus alimentarius (formerly Lactobacillus
alimentarius), Lentilactobacillus hilgardii (formerly Lactobacillus hilgardii), Fructilactobacillus
fructivorans (formerly Lactobacillus fructivorans), Fructilactobacillus sanfranciscensis (formerly
Lactobacillus  sanfranciscensis),  Levilactobacillus  brevis  (formerly  Lactobacillus  brevis),
Lactiplantibacillus pentosus (formerly Lactobacillus pentosus), Lacticaseibacillus rhamnosus (formerly
Lactobacillus  rhamnosus), Lacticaseibacillus  paracasei  (formerly Lactobacillus  paracasei),
Latilactobacillus sakei (formerly Lactobacillus sakei), Lacticaseibacillus manihotivorans (formerly
Lactobacillus manihotivorans), and Amylolactobacillus amylophilus (formerly Lactobacillus amylophilus).

Lactase

Lactose is the main carbohydrate in milk and, therefore, the primary source of
energy for all human being newborns (Lawrence, 1994). When ingested, lactose is
hydrolyzed by lactase, called lactose-galactose hydrolase, a border membrane-bound

enzyme. Then, glucose and galactose are absorbed by the intestinal cells and transported

into the bloodstream (Vonk et al., 2012).
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Lactose and its hydrolysis derivatives are essential to human development. It
facilitates calcium absorption and supports a healthy protective gut microbiota against
pathogens, increasing defense for infections and adequate feces consistency. Also,
galactose is the primary source of the white matter of the growing brain (do Nascimento
and Issler, 2003). In addition, it is believed that lactose might act as a primer for
microbiota colonization of the intestine in the first period of life. After its establishment,
colonic microbiota also contributes to lactose degradation, as reminiscent non hydrolyzed

lactose in the small intestine passes into the colon to ferment (Vonk et al., 2012).

Lactobacilli have a vital role in the initial colonization of the GIT. Vaginal-
delivered infants acquire high amounts of lactobacilli from their mothers at delivery, as
well as during breastfeeding (Wall et al., 2009). Lactose is a readily fermentable
carbohydrate used as the primary source of energy for LAB, through the (3-galactosidase
activity, which is reported in innumerous lactobacilli species (L. acidophilus, L.
helveticus, and L. johnsonii), Loigolactobacillus coryniformis (formerly Lactobacillus
coryniformis), Lactiplantibacillus plantarum (formerly Lactobacillus plantarum),
Limosilactobacillus reuteri (formerly Lactobacillus reuteri), and Latilactobacillus sakei
(formerly Lactobacillus sakei) (Akolkar et al., 2005; Ibrahim, 2018; Jimeno et al., 1984;
Kim and Rajagopal, 2000; Kittibunchakul et al., 2019; B. Liu et al., 2011; Maischberger
et al., 2010; Nguyen et al., 2007, 2012; Vasiljevic and Jelen, 2003). L. delbrueckii ssp.
bulgaricus and L. acidophilus were reported for their high enzyme production combined
with high specific activity (Ibrahim, 2018). During a lifetime, the dependency on bacterial
degradation fraction of lactose increases as the activity of human lactase is age-dependent,
being high in the first year of age and declines until adulthood is reached (Suri et al.,
2019).

B-galactosidases

The B-galactosidases belong to 4 different glycoside hydrolase families (GHI,
GH2, GH35, and GH42), and have been characterized in all life domains (G. X. Liu et
al., 2011). Microbial sources are preferable due to their ease of fermentative production,
high activities, and good stability (Igbal et al., 2010). Lactobacilli encode B-
galactosidases belonging to families GH2 and GH42, being GH2 predominant. All belong
to the LacLM type which are encoded by lacL and lacM genes and have approximately
105 kDa (Nguyen et al., 2012).
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LAB uses lactose permease to transport lactose into the bacterial cell, where the
enzyme catalyzes the hydrolysis of the [-1,4-Dglycosidic linkage of lactose
intracellularly, resulting in glucose and galactose. Glucose is, then, metabolized into
lactic acid (Neves et al., 2005). B-galactosidases and the compounds released from their
metabolism have exceptional physicochemical and physiological characteristics and are
widely used in the dairy industry for lactose hydrolysis in milk and whey, for example,
resulting in the facilitation of digestion, especially for lactose intolerant consumers

(Carevi¢ et al., 2016).

Lactose intolerance is a condition in which a person cannot digest or absorb
lactose due to a decrease in intestinal galactosidase (lactase) (Suri et al., 2019). When
accumulated, lactose causes osmotic pressure resulting in diarrhea, bloating, abdominal
pain, and flatulence (D1 Stefano et al., 2007). It is estimated that about 75% of the world’s
adult population suffers from the condition to some degree (Silanikove et al., 2015). Some
LAB species lessen lactose intolerance through their enzyme [-galactosidase (Indira et
al., 2019). Studies have been reporting on the use of lactobacilli to alleviate lactose
intolerance side effects (Akolkar et al., 2005). Some examples include Lactiplantibacillus
plantarum  (formerly  Lactobacillus  plantarum),  Lactobacillus  bulgaricus,
Limosilactobacillus reuteri (formerly Lactobacillus reuteri), Lactobacillus acidophilus,
and Lacticaseibacillus rhamnosus (formerly Lactobacillus rhamnosus) (Suri et al., 2019).
Furthermore, microbial lactose metabolism releases sugar molecules easily absorbed by
the human intestinal cells (Minj et al., 2020), including bioactive oligosaccharides (Figure
2). Depending on the source of B-galactosidases and amount of lactose, this enzyme
catalyzes transglycosylation reactions, where galactose moiety is transferred to alcohol
or some aromatic glucoside, leading to the production of different galactosides (Carevic¢
et al., 2016). The more lactose, the greater production of these galactosides (Liu et al.,

2011).
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Figure 2. Bioactive compounds released by enzyme-producing lactobacilli on GIT (Created with
BioRender.com).

Galacto-oligosaccharides (GalOS) are complex mixtures of nondigestible
oligosaccharides known as prebiotic sugars (Nguyen et al., 2012). GalOS are one of the
few prebiotics that meets the three criteria of (i) gastric acidity resistance; (ii) intestinal
microflora fermentation; and (iii) growth and/or activity of intestinal bacteria associated

with health and wellbeing (Maischberger et al., 2010).
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GalOS enhances mineral absorption, increases beneficial bacteria population,
decreases pathogenic bacteria, and improves immune response. Maawia et al., (2016)
reported the improvement of Ca*? and Fe™*, Mg*?, absorption on rats after three weeks of
administration of GalOS produced through transgalactosylation of lactose catalyzed by
B-gal from Latilactobacillus sakei Lb790 (formerly Lactobacillus sakei Lb790). GalOS
ingestion also increases the number of desirable bacteria in vivo (Nguyen et al., 2007).
Purified GalOS enhanced Bifidobacterium population on mouse gut microbiome
(Monteagudo-Mera et al., 2016) and also on adults’ fecal microbiota after three weeks of
oral administration (Davis et al., 2010). In addition, GalOS purified from the Yakult
product, which contains L. sakei, reduced the adherence of the enteropathogenic
Escherichia coli on tissue culture cells (Shoaf et al., 2006). Positive effects on intestinal
microbiota and immune response were also confirmed when GalOS was administered to
elderly persons (Bhatia et al., 2015; Vulevic et al., 2008). However, GalOS are transiently
formed as kinetic intermediates and are very complex mixtures consisting of numerous
different oligosaccharides, then, depending on many factors to be studied in depth (Igbal
et al., 2010).

Proteases and peptidases

Proteases and peptidases (EC 3.4) are hydrolytic enzymes acting on peptide
bonds, releasing peptides and amino acids from (poly)peptide chains. Endopeptidases or
proteinases cleave preferably the internal portions of polypeptide chains, while
exopeptidases act on the C- and N- terminals. They are also subdivided into acidic,

neutral, and alkaline proteases, according to the pH of action.

Proteases and peptidases play an important role in the fermentation processes
developed by LAB, especially in food products. The main function of the proteolytic
system is the catabolism of protein molecules, oligopeptides, and amino acids for cell
growth and maintenance, and this activity produces the desired “indirect” effects of flavor
development, bitterness reduction, and release of bioactive peptides (Broadbent et al.,
2011).In LAB, the proteolytic system is formed by a cell envelope-associated proteinase,
specific transport systems for peptides and amino acids, and various cytoplasmic

peptidases.
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In addition to its vital role in protein catabolism, this system was identified as a
mechanism of adaptation to high salt environments in Lacticaseibacillus casei (formerly
Lactobacillus casei). Protease and peptidase activities enable cell homeostasis through
the maintenance of adequate intracellular concentrations of amino acids, di- and
tripeptides that act as osmoprotectants. Particularly, activities of the cell envelope-
associated proteinase and a proline- type peptidase (X-prolyl-dipeptidyl aminopeptidase)
increased in hypertonic media and, together with the Pepl iminopeptidase, lost repression
by peptides as observed at the transcriptional level. These enzymes were already purified

from lactococci and lactobacilli (Piuri et al., 2003).

The cell-wall bound proteinase system was first characterized in Lactococcus
strains, and the pioneer reports describing proteinases from lactobacilli date from the
’90's. Kojic et al., (1991) isolated and characterized a serine-type proteinase obtained
from L. casei HN14 with activity toward B-casein. According to their assays, the
proteinase gene was probably located in the chromosome, and not in the plasmid as occurs
in lactococci (Kojic et al., 1991). The knowledge on lactobacilli proteases and peptidases
has significantly evolved thanks to the development of genetic analysis tools like high-
throughput genome sequencing and comparative genomic hybridization arrays. Liu et al.
(Liu et al., 2010) performed a genomic analysis of the proteolytic system components,
namely cell-wall bound proteinases, peptide transporters, and peptidases, of several
genome sequences of lactic acid bacteria obtained from the National Center for
Biotechnology Information (NCBI) microbial genome database, and the results obtained

for lactobacilli strains are presented in Table 2.
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Recently, Qi et al., (2021) identified 16 peptidase genes in the genomic DNA of
50 sequenced strains of Lactobacillus helveticus, isolated from various environments
including fermented dairy products, non-dairy products, and human feces.
Aminopeptidases belonging to the superfamilies PepC and PepN and proline peptidases
PepX were present in all genomes, usually with one gene, while proline peptidases PepL
were absent in all strains (Qi et al., 2021). Zhong et al., (2021) evaluated the factors
affecting proteolytic activity in L. helveticus and found that this feature was associated
with acetate kinase (ackA) and two cysteine peptidases coding genes (pepC and srtA),

while the distribution of cell envelope proteinases did not correlate (Zhong et al., 2021).

The beneficial effects of the presence of lactobacilli in the gastrointestinal tract
can be in part attributed to the secretion of proteases and peptidases (Figure 2). As
demonstrated by Caminero et al. (2019), the degradation of amylase trypsin inhibitors by
lactobacilli reduced the inflammation caused by gluten in mice. Gluten is a mixture of
glutamine- and proline-rich storage proteins, namely gliadin and glutenin, which are
highly immunogenic and induce the adaptive immune response in individuals with celiac
disease, wheat allergies, and associated disorders. Amylase-trypsin inhibitors, which are
also present in gluten-containing cereals, have been shown to induce an innate immune
response through the activation of the Toll-like receptor 4 (TLR4) in myeloid cells. In
this sense, the administration of lactobacilli can be effective in reducing the inflammatory

symptoms associated with wheat/gluten ingestion (Caminero et al., 2019).
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Recently, Norouzbeigi et al., (2020) pointed out that probiotic strains can reduce
the toxicity of gliadin toward intestinal cells, probably through the enzymatic hydrolysis
of gliadin-derived toxic peptides. For example, the probiotic microorganisms used in
sourdough fermentation promoted the degradation of gliadin resulting in a healthier
product. The efficacy of lactobacilli, especially of Companilactobacillus alimentarius
(formerly Lactobacillus alimentarius), Levilactobacillus brevis (formerly Lactobacillus
brevis), Lacticaseibacillus rhamnosus (formerly Lactobacillus rhamnosus), L. casei
(formerly Lactobacillus casei), and L. paracasei (formerly Lactobacillus paracasei), in
reducing gliadin toxicity was also confirmed by recent studies. Besides, the
administration of lactobacilli prevented the entrance of gluten-derived peptides into the
cells. Lact. rhamnosus GG was effective in preventing the barrier dysfunction of the gut
in the presence of gliadin, as demonstrated by in vitro (on Caco-2 cells) and in vivo (on

Wistar rats) studies (Norouzbeigi et al., 2020).

The synthesis of prolyl endopeptidase (EC 3.4.21.26) by L. acidophilus 5e2 was
optimized by Brzozowski and Lewandowska (Brzozowski and Lewandowska, 2014), to
develop a product to hydrolyze prolamins, a group of storage proteins with high proline
content present in cereals like wheat, barley, corn, and oat. Proline is a cyclic amino acid
that prevents the enzymatic degradation of proteins. It occurs in biologically active
peptides that act in the pathogenesis of depression, Parkinson’s disease, and celiac disease
(Brzozowski and Lewandowska, 2014). In this sense, they suggest that the administration

of L. acidophilus could potentially prevent the development of these diseases.

Amylases
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Starch has been part of the human diet since the dawn of civilization and is found
in the form of semi-crystalline granules in legumes, cereal grains, roots, and tubers
(Bertoft, 2017). This polysaccharide consists mostly of amylose and amylopectin.
Amylose is a linear polymer composed of 1000—-6000 glucose units with glycosidic bonds
(a,1-4). Amylopectin is formed by a short linear chain (a,1-4) containing 10—60 glycoside
residues and side chains (a ,1-6) composed of 1545 glucose units (Maarel and Veen,
2002). When ingested, starch is partially hydrolyzed in the small intestine by a-amylases
produced by the pancreas, but some factors, such as the proportion of amylose and
amylopectin present in the starch molecule, the particle size, and cooking approach, can
influence the digestion process (Maier et al., 2017). Starch molecules that are not digested

in the small intestine are called resistant starch (RS) (Flint et al., 2012).

Studies have shown that RS can be fermented by bacterial communities that
colonize the large intestine, resulting in the production of acids. This process tends to
reduce the luminal pH, favoring populations of bacteria belonging to the phylum
Firmicutes, mainly represented by LAB (Duncan et al., 2009). In addition, it is estimated
that the metabolism of carbohydrates by colonic bacteria is responsible for the utilization
of approximately 10 % of the calories that would be lost by the excretion of these
polysaccharides through feces (Mcneil, 1984). The fermentation of starch by the gut
microbiota also results in the production of SCFA, such as acetate, butyrate, and
propionate (Figure 2).

The production of these compounds can generate several health benefits whereas
(1) acetate can diffuse into the systemic circulation and be used in lipogenesis, (ii) butyrate
is the main source of energy for the colon cells, and (iii) propionate is transported to the
liver where it plays an important role in glycogenesis (Scott et al., 2008). Additionally,
other effects, such as a reduction in the concentration of ammonia, phenol, and secondary
bile acid (BA) (Nugent, 2005), may be associated with the prevention of inflammatory

bowel disease and with colon cancer (Higgins and Brown, 2013).
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An in vitro study conducted by Zampa et al., (2004) evaluated the effect of three
polysaccharides (Crystalean starch, xylooligosaccharides, and cornstarch) on the
intestinal microbiota and SCFA production. For the fermentation of corn starch, the
human fecal microflora was enriched with bifidobacteria and lactobacilli. Interestingly,
the introduction of these two bacterial groups resulted in high production of butyrate
(Zampa et al., 2004). Another study performed in rats showed that a high starch diet
increased propionate production (Abell et al., 2011). This increase was associated with
the bacterial groups Parabacteroides distasonis, Ruminococcus Bromii, and

Lactobacillus gasseri (Abell et al., 2011).

It is known that, in general, starch hydrolysis is not common among LAB;
however, some recent studies have reported amylolytic activity in some lactobacilli
strains, being called amylolytic lactic acid bacteria (aLAB) (Table 1). According to Tou
et al., (2006), the aLAB population present in fermented cereals accounts for only 12 %
of the total LAB diversity. The sequencing of the complete genome of several
Lactobacillus revealed the presence of genes for a-amylases in almost all strains, but a
large part of these microorganisms does not express these enzymes due to mutations in
the promoter, in the sequence encoding the signal peptide, or in the catalytic domain of
the amylase (Petrova et al., 2013; Petrova and Petrov, 2012). Therefore, what
differentiates aLAB from non-amylolytic LAB is their ability to produce several enzymes
(e.g., exoamylases, endoamylases, debranching enzymes, and transferases) involved in
the starch breakdown. Interestingly, several of these enzymes belong to the single family

GH13 of glycosyl hydrolases, also known as a-amylases (Stam et al., 2006).

In silico analysis of the starch metabolism pathway by alLAB performed by Petrov,
(2012) suggests that there are two possible directions for the catabolism of this
polysaccharide to occur: hydrolysis to dextrin and then to glucose, or cleavage and
conversion of the terminal glucose residues to a-D-glucose-1-phosphate. Therefore, these
microorganisms may be essential for the maintenance of the microbial community of
diverse starch-rich environments, since alLAB hydrolyze starch provides substrates for
the growth of other non-amylolytic microorganisms (Haydersah et al., 2012; Merabti et
al., 2019).
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However, the probiotic properties of aLAB have been poorly explored, and the
first papers characterizing the functional properties of these strains have been published
recently (Freire et al., 2017; Gotcheva et al., 2018; Xu et al., 2020). In vitro tests were
performed to evaluate the probiotic properties of 18 alLAB strains isolated from Brazilian
indigenous beverages. Lactiplantibacillus plantarum CCMA 0743 (formerly
Lactobacillus plantarum CCMA 0743) remained viable at acidic pH and in the presence
of bile salts (Freire et al., 2017). Recently, Xu et al., (2020) also evaluated the probiotic
and amylolytic properties of 132 LAB isolated from fermented cereal-based foods in
China. Three strains (430, 445, and 472) were characterized as alLAB because they show
high amylase activity (8.15, 9.23, and 8.06 U/mL in MRS-1% starch broth, respectively).
These bacteria were identified as L. plantarum and showed antimicrobial activity, acid

and bile salt tolerance, and aggregation capacity.

Although aLAB has shown promising results in in vitro tests, the ability to
colonize the large intestine and produce SCFA has not been reported to date, and the
impact of the administration of this bacterial group on the gut microbiota is yet t