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RESUMO

O Brasil possui ampla diversidade de frutas nativas que sao fonte de compostos bioativos que
permanecem subexploradas na regido Norte e Nordeste do pais. A mangaba (Hancornia speciosa
Gomes) e bacaba (Oenocarpus bacaba Mart.) sdo frutas brasileiras abundantes na regido Nordeste
e Norte, respectivamente, que se destacam pelo valor nutricional e apresentam compostos com
atividade bioldgica que podem contribuir para a satide dos individuos. Devido a sazonalidade e
elevada perecibilidade estas frutas sdo majoritariamente consumidas regionalmente na forma de
polpas, e permanecem pouco valorizadas. Diante disso, esta tese foi dividida em 5 etapas sendo 2
etapas experimentais. Estas etapas avaliaram os aspectos tecnologicos (pH, solidos soluveis totais
e acidez titulavel) e os aspectos funcionais (viabilidade e bioacessibilidade) durante 48 h de
fermentacdo e armazenamento das polpas de mangaba e bacaba adicionadas de Lacticaseibacillus
casei (LC1) e Lactobacillus acidophilus (LA-05). Também foi analisada o contetdo de agucares,
acidos organicos, compostos fendlicos e composicdo de volateis da polpa de mangaba durante 48 h
de fermentacao e armazenamento, ¢ o conteudo de actcares, acidos organicos e compostos fendlicos
da polpa de bacaba durante 48 h de fermentagdo. Na sequéncia, determinou-se o perfil sensorial da
polpa de mangaba fermentada por meio da metodologia Preferred Attribute Elicitation (PAE). Por
fim, foi avaliado o potencial prebidtico das polpas de mangaba e bacaba fermentadas em sistemas
in vitro de fermentacdo col6nica com a microbiota intestinal de adultos veganos e saudaveis,
respectivamente, por meio do sequenciamento do 16S rRNA. Os resultados evidenciam que as
polpas de mangaba e bacaba sdo substratos adequados para manter a viabilidade dos probidticos em
contagens >7 log UFC/g e proteger os probidticos durante exposi¢do a condi¢des gastrointestinais
simuladas, garantindo sua viabilidade na fracdo intestinal. As polpas fermentadas probidticas de
mangaba e bacaba apresentaram maior concentracdo de acidos organicos incluindo latico e
propionico e de fenodlicos como de trans-resveratrol, procianidina B1 e B2, epicatequina e outros. A
fermentagao probidtica aumentou a bioacessibilidade dos compostos epicatequina, procianidina B1,
kaempferol 3-glucosideo e 4cido cafeico na polpa de mangaba e da procianidina B1 e B2, trans-
resveratrol, cis-resveratrol, catequina, epicatequina, € miricetina na polpa de bacaba em comparagao
as polpas nao fermentadas. A polpa de mangaba fermentada aumentou a abundancia relativa dos
grupos Dorea, Romboutsia, Faecalibacterium e a polpa de bacaba, por sua vez, aumentou a
abundancia de Acidaminococcales, Enterobacterales e Lactobacillales, também associados a
producdo de metabodlitos como butirato, acetato e propianato que tém sido associados a efeitos
promotores de saude. As polpas de fruta fermentadas também impactaram positivamente nos indices
de diversidade microbiana resultando em uma microbiota equilibrada e funcional. Na avaliagao
sensorial da polpa fermentada de mangaba foi observada viabilidade probiotica ao longo de 28 dias,
estabilidade dos compostos fenolicos bioacessiveis, atividade antioxidante e manutencdo dos
parametros de qualidade. A polpa de mangaba fermentada recebeu maiores escores que a polpa nao
fermentada para atributos sensoriais como cor, brilho, frescor e aroma até o final do periodo de
armazenamento, suportando o desenvolvimento de um novo produto funcional. Assim, o
desenvolvimento das polpas fermentadas a partir de frutas subexploradas ¢ capaz de agregar valor
a esses produtos, permitindo o desenvolvimento de novos alimentos com potencial funcional e
beneficios a satde. Além disso, pode contribuir para o desenvolvimento de pequenas cadeias
produtivas focadas no aproveitamento sustentavel de frutas nativas brasileiras. Adicionalmente, esta
tese resultou na escrita de um artigo de revisdo de literatura, um capitulo de livro e uma patente com
tema relacionado ao objetivo desta tese que compreendem a discussao cientifica sobre a valorizagao
de frutas pouco exploradas e seu consumo como alimento com benéficos a saude.

Palavras-chave: frutas nativas, polpas probidticas, viabilidade probidtica, compostos fendlicos,
armazenamento refrigerado, microbiota colonica
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ABSTRACT

Brazil has a wide diversity of native fruits that are rich sources of bioactive compounds, yet they
remain underexplored, particularly in the North and Northeast regions of the country. Mangaba
(Hancornia speciosa Gomes) and bacaba (Oenocarpus bacaba Mart.) are Brazilian fruits abundant
in the Northeast and North regions, respectively, and stand out for their nutritional value. They
contain bioactive compounds with potential health-promoting properties. Due to their seasonality
and high perishability, these fruits are mainly consumed locally in the form of fruit pulps and remain
undervalued. In this context, this thesis was divided into five stages, including two experimental
phases. These phases evaluated the technological parameters (pH, total soluble solids, and titratable
acidity) and functional aspects (probiotic viability and bioaccessibility) during 48 hours of
fermentation and refrigerated storage of mangaba and bacaba pulps inoculated with
Lacticaseibacillus casei (LC1) and Lactobacillus acidophilus (LA-05). Additionally, the contents
of sugars, organic acids, phenolic compounds, and volatile composition were analyzed in the
mangaba pulp over 48 hours of fermentation and storage, and the contents of sugars, organic acids,
and phenolic compounds in the bacaba pulp were analyzed during 48 hours of fermentation. Next,
the sensory profile of the fermented mangaba pulp was determined using the Preferred Attribute
Elicitation (PAE) methodology. Finally, the prebiotic potential of the fermented mangaba and
bacaba pulps was evaluated using in vitro colonic fermentation systems inoculated with the gut
microbiota of vegan and healthy adults, respectively, through 16S rRNA gene sequencing. The
results demonstrated that mangaba and bacaba pulps are suitable substrates to maintain probiotic
viability at counts >7 log CFU/g and to protect probiotics during exposure to simulated
gastrointestinal conditions, ensuring their viability in the intestinal fraction. The probiotic fermented
pulps of mangaba and bacaba showed higher concentrations of organic acids, including lactic and
propionic acids, and phenolic compounds such as trans-resveratrol, procyanidin Bl and B2,
epicatechin, and others. Probiotic fermentation enhanced the bioaccessibility of epicatechin,
procyanidin B1, kaempferol 3-glucoside, and caffeic acid in mangaba pulp, and of procyanidin B1
and B2, trans-resveratrol, cis-resveratrol, catechin, epicatechin, and myricetin in bacaba pulp, when
compared to the non-fermented pulps. Fermented mangaba pulp increased the relative abundance
of Dorea, Romboutsia, and Faecalibacterium, while fermented bacaba pulp increased the
abundance of Acidaminococcales, Enterobacterales, and Lactobacillales—microbial groups
associated with the production of health-promoting metabolites such as butyrate, acetate, and
propionate. Fermented fruit pulps also positively influenced microbial diversity indices, resulting
in a balanced and functional gut microbiota. Sensory evaluation of fermented mangaba pulp
revealed probiotic viability over 28 days, stability of bioaccessible phenolic compounds, antioxidant
activity, and maintenance of quality parameters. The fermented mangaba pulp received higher
scores than the non-fermented version for sensory attributes such as color, brightness, freshness,
and aroma throughout the storage period, supporting the development of a new functional product.

Keywords: native fruits, probiotic pulps, probiotic viability, phenolic compounds, refrigerated
storage, colonic microbiota
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1 INTRODUCAO

A producao de alimentos saudaveis, que contém nutrientes valiosos que promovem
beneficios a saude e reduzem o risco de doengas, aumentou recentemente (LAOPHONGPHIT et
al., 2024). O Brasil tem sido destaque pela grande biodiversidade de frutas comestiveis nativas,
porém algumas ainda inexploradas e comercialmente indisponiveis. Estas frutas t€ém despertado
crescente interesse em sua exploracao devido ao potencial tecnologico e agroindustrial, alto valor
nutricional e caracteristicas unicas como cor, sabor ¢ aroma (RODRIGUES et al., 2023). Dentre a
grande variedade de frutas nativas, destacam-se a mangaba (Hancornia speciosa Gomes) e bacaba
(Oenocarpus bacaba Mart.) (REIS et al., 2022; MORAIS et al., 2022).

A mangaba possui alto teor de compostos fenolicos e boa capacidade antioxidante, sendo
acido clorogénico encontrado na maior concentragdo, seguido pelo acido p-cumarico e acido
ferulico (BARRETO et al., 2024). A bacaba apresenta alto teor de flavonoides totais e fendlicos em
sua polpa, em destaque para os compostos procianidina B2, epicatequina e catequina (ASSIS et al.,
2025). Essas frutas sdo sazonais ¢ tem uma vida util curta devido a sua natureza perecivel e
suscetibilidade a patdgenos pds-colheita (ARRUDA; ARAUJO; MAROSTICA JUNIOR, 2022;
SANTOS et al., 2021). Devido a isto, estas frutas sdo consumidas na forma de produtos derivados,
como as polpas, e sua exploracdo ocorre por meio da agricultura familiar com vendas no mercado
local, pesquisa cientifica e pequenas industrias (RODRIGUES et al., 2023).

A crescente demanda do consumidor por produtos probidticos ndo lacteos impulsionou a
pesquisa em veiculos alternativos, particularmente matrizes vegetais, que oferecem beneficios
adicionais a satde devido aos seus compostos bioativos. Essa mudanca ¢ motivada por fatores como
intolerancia a lactose, alergias a proteina do leite e a crescente adogao de dietas vegetais (SUZUKI
et al.,2024). Estudos publicados tém demonstrado que a fermentacao de polpas de frutas utilizando
probioticos, pode contribuir com ingredientes funcionais e prolongar a vida de prateleira da fruta
(ASSIS et al., 2024).

Além disso, o consumo de frutas esta associado a um estilo de vida saudavel e reduz a
incidéncia de doengas cronicas e degenerativas (SAUER et al., 2024). Esses beneficios estdo
relacionados as propriedades antioxidantes, anti-inflamatorias e citoprotetoras dos compostos
bioativos encontrados nesses alimentos, incluindo fendlicos, carotenoides, acido ascorbico e
tocoferdis (BORGES et al., 2022). A estratégia tecnoldgica de fermentacdo de frutas com bactérias
probidticas tem sido sugerida como um método de grande valor para melhorar as propriedades
nutritivas e bioativas das matrizes alimentares (ASSSI et al., 2021).

Ha estudos que relataram o efeito benéfico da fermentacdo com diferentes probidticos em
matrizes como purés de seriguela, mangaba, manga-rosa e acerola fermentadas com
Lacticaseibacillus casei 01 e Lactobacillus acidophilus 05 (ASSIS et al., 2021), polpa de manga
fermentada com Lacticaseibacillus paracasei OR1 (MK252696), PP1


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bioactive-compound
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bioactive-compound
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(MK253713), Lacticaseibacillus ~ rhamnosus MA3 ~ (MK253673) e PP3 (MK253673)
(LAOPHPNGPHIT; SIRIPORNADULSIL; SIRIPORNADULSIL, 2023), polpa de goiaba
fermentada com Lactococcus lactis subsp lactis e Lactobacillus casei LA-1 (KAUR; GHOSH,
2023), polpa de lichia fermentada por Lactobacillus plantarum, Lactobacillus rhamnosus e uma
cepa mista dos dois (TANG et al., 2023), polpa de kiwi fermentada com Lactiplantibacillus
plantarum subsp. Plantarum (ZHOU et al. 2020), e mais atualmente polpa de mangaba fermentada
com Lacticaseibacillus casei 01 (ASSIS et al., 2024) e polpa de bacaba fermentada com
Lactobacillus acidophilus 05 (LA-05) and Lacticaseibacillus casei 01 (LC1) (ASSIS et al., 2025).

Os processos fermentativos podem ser uma estratégia eficaz para aumentar a
bioacessibilidade de polifendis, os niveis antioxidantes de produtos de frutas e vegetais, e relevantes
para a reutilizacdo de componentes da fruta (geralmente desperdigados apds o processamento) com
valor bioldgico suficiente, com indicativo de um historico seguro de consumo (KAUR; GHOSH,
2023). Por conseguinte, as culturas probioticas utilizadas durante o processo de fermentagdo podem
biotransformar os compostos fenolicos de frutas e derivados, liberando compostos fenolicos
conjugados com outros constituintes da matriz alimentar, e gerar compostos com maior bioatividade
do que suas estruturas precursoras (YAPA et al., 2023). E isto impde um impacto positivo na fungao
imunolodgica, digestdo, metabolismo e comunicagdo cérebro-intestino, embora o efeito das culturas
probidticas na biotransformacdo dos compostos fenolicos pode depender da cepa probidtica e do
tipo de fruta (YAPA et al., 2023).

No mais, a microbiota intestinal pode realizar a biotransformacao de compostos fenolicos,
porém, o consumo de produtos fermentados com compostos fenolicos mais bioacessiveis pode
proporcionar efeitos benéficos independente da microbiota do hospedeiro (MACEDO et al.,2023;
PAN et al., 2023). Estudos usando modelos colonicos in vitro, aplicando a microbiota fecal para
metabolizar alimentos e determinar a fracdo dos compostos biotransformada por esses
microrganismos bem como estudos que apresentem o potencial destes produtos como alimentos
funcionais em individuos submetidos a dieta saudével ou vegana ainda sdo escassos na literatura.
Assim, a importancia das frutas nativas, para elaboragao de produtos funcionais tanto para alimentar
comunidades locais no Brasil quanto para a atual demanda do mercado internacional por novos

produtos com sabores e propriedades funcionais, ndo pode ser subestimada.


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lactococcus-lactis
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar os efeitos do metabolismo dos probioticos Lacticaseibacillus casei LC1 e Lactobacillus

acidophilus LA-05 em indculo simples no perfil e bioacessibilidade de compostos fenolicos em

polpa de mangaba e bacaba, e o potencial prebiotico das polpas de frutas fermentadas em sistemas

in vitro de fermentacao colonica.

2.2 OBJETIVOS ESPECIFICOS

II.

III.

IV.

Avaliar os aspectos tecnoldgicos (pH, solidos soltveis totais e acidez tituldvel) e os aspectos
funcionais (viabilidade e bioacessibilidade) durante 48 h de fermentagdo e armazenamento

das polpas de mangaba e bacaba;

Analisar o conteudo de agucares, acidos organicos, compostos fendlicos e composicao de
volateis da polpa de mangaba durante 48h fermentag¢do e armazenamento, e o contetido de
acucares, acidos organicos e compostos fenolicos da polpa de bacaba durante 48h

fermentacao;

Determinar o perfil sensorial da polpa de mangaba fermentada por meio da metodologia

Preferred Attribute Elicitation (PAE);

Avaliar o potencial prebiodtico das polpas de mangaba e bacaba fermentadas em sistemas in
vitro de fermentacdo coldnica, ou seja, o efeito na modulagdo da microbiota intestinal de

adultos veganos e saudaveis, respectivamente, por meio do sequenciamento do 16S rRNA.
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3 REVISAO DE LITERATURA

3.1 Hancornia speciosa Gomes

A Hancornia speciosa, popularmente conhecida como mangabeira, ¢ uma planta nativa do
Brasil que pertence ao grupo Eudicotiledoneas, ordem Gentianales e a tamilia das Apocynaceae
(REIS et al., 2022). Esta planta ¢ encontrada nas regidoes Norte, Nordeste, Centro-Oeste e parte do
Sudeste do Brasil, abrangendo biomas brasileiros como Cerrado, Caatinga, Pantanal e parte da Mata
Atlantica, como também ¢ encontrada em alguns paises da América do Sul, como Peru, Bolivia e
Paraguai (ASSIS et al., 2021).

A mangabeira possui grande importincia devido ao valor nutricional de seus frutos e as suas
propriedades medicinais e biotecnoldgicas, por apresentar em sua composicao nutrientes essenciais,
que contribuem significativamente com beneficios a saude (REIS et al., 2022). A fruta fresca ¢ a
forma de consumo mais citada na literatura, seguida pelas polpas congeladas instantaneamente ou
pelo congelamento convencional e na forma de polpas ou purés fermentados (GONCALVES et al.,
2020; ASSIS et al., 2021; ASSIS et al., 2024).

Uma tUnica arvore de mangaba pode produzir mais de 100 kg de frutos por colheita (REIS
et al., 2022), e quando consideramos os sélidos soluveis, ¢ fundamental a aplicacdo de tecnologias
para manter a qualidade nutricional, microbioldgica e de seguranga desse alimento. Os periodos de
safra da mangabeira acontecem entre outubro e margo, conhecidos como "frutos de verdo", e de
junho a agosto, chamados de "frutos de inverno". Contudo, é possivel encontrar mangabas
esporadicamente em outras épocas do ano (PINHEIRO et al., 2018). A exploracdo das mangabas
ainda ¢ predominantemente extrativista, sem a aplicacdo de qualquer método de manejo durante a

producao (SANTOS et al., 2022).

Figura 1. Hancornia speciosa Gomes

Fonte: Autor (2025).
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A mangaba possui um formato arredondado, casca lisa e verde, quando madura adquire uma
cor amarelo-alaranjado. Seu sabor ¢ uma combinagdo de doce e 4cido, com um aroma caracteristico.
O formato da fruta ¢ do tipo baga que apresenta forma eliptica e/ou arredondada com peso, didmetro
longitudinal e diametro transversal variando entre 12,55 g e 48,42 g, 3,03 cm ¢ 4,34 cm, ¢ 2,84 cm
e 4,34 cm, respectivamente. Cada fruta possui, em geral, de 2 a 15 sementes discoides, achatadas e
de cor marrom claro, medindo de 7 a 8 mm de didmetro (ARRUDA; ARAUJO; MAROSTICA
JUNIOR, 2022).

Estudos sobre a mangaba relataram esta fruta nativa ¢ caracterizada por apresentar baixo pH
(3,29 — 3,41) e acidez titulavel total (2,75 — 2,78 g acido citrico/100 g), e altos valores de solidos
soluveis totais (18,13 — 18,93 °Brix) (ASSIS et al., 2024). A mangaba apresenta baixo teor de
lipidios (0,55-1,70%), carboidratos (2,30—10,97%) e energia (29,83—72,30 kcal/100 g), além de
relevante teor de fibra alimentar (11,60%), com alto potencial para ser incluida na dieta humana
(ARRUDA; ARAUJO; MAROSTICA JUNIOR, 2022). Devido a sazonalidade e alta perecibilidade
da mangaba, seu consumo ¢ baseado principalmente em produtos derivados, como a polpa
(SANTOS et al., 2022).

Em relagdo as fibras alimentares presentes na mangaba, o valor médio obtido (11,60-13%)
por Reis et al. (2022) e Arruda, Aratjo e Marostica Junior (2022), pode levar a exploragdo da fruta
pela industria alimenticia para o desenvolvimento de alimentos funcionais, uma vez que a ingestao
diaria de fibras alimentares tem sido associada a saude e ao bem-estar humano, contribuindo para a
prevencdo de algumas doencas, como obesidade, diabetes, disfungdes cardiovasculares e do trato
gastrointestinal.

Outros compostos foram investigados e contribuem significativamente para as
particularidades de sabor da mangaba e, consequentemente, os seus produtos derivados (TEXEIRA
et al., 2020), entre eles estdo os compostos volateis. Na polpa de mangaba foram identificados cerca
de oitenta compostos por GC-MS, compreendendo ésteres (30), terpenos (25), aldeidos (11), alcoois
(7), cetona (4) e outros (3). A polpa de mangaba apresentou maior concentragdo de alguns ésteres
(acetato de etila, acetato de butila, acetato de 3-metil-3-butenila, acetato de 2-metil-2-butenila,
dodecanoato de etila e tetradecanoato de etila), terpenos (p-cimeno e terpinoleno), aldeido (2-
nonenal), alcool (3-metil-2-butenol) e cetona (acetoina) (ASSIS et al., 2024).

Além disso, a mangaba tem sido explorada para o desenvolvimento de produtos funcionais
com intuito de melhorar a satide dos consumidores (REIS et al., 2022). Estudos tém demonstrado
que a fruta ¢ fonte de diversos nutrientes e compostos bioativos, principalmente os compostos
fenolicos acido clorogénico, rutina, quercetina, kaempferol, dcido p-cumarico, 4cido fertlico, e
outros vinte e trés identificados por cromatografia liquida (YAMASHITA et al., 2020; DUTRA et
al.,2017; BARRETO et al., 2024; PEREZ-GALVEZ; VIERA; ROCA, 2020; CARITA et al., 2020;
FIERS; LEONARDI; ILIEV, 2020; GONCALVES et al., 2020, ASSIS et al., 2024). O acido

ascorbico e outros elementos essenciais na dieta como célcio, zinco, ferro, carotenoides (p-caroteno,
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B-criptoxantina, além de a-tocoferol e a-, B- € y-tocotrienois) sdo encontrados na fruta, indicando

que o acido ascorbico e os acidos fendlicos sao relevantes na percepcao sensorial dos gostos amargo

e acido, e do sabor adstringente, dependendo de suas concentragdes presentes na fruta (ISSAOUI

et al., 2020).

Alguns estudos que apresentam o perfil de compostos fendlicos e atividade antioxidante da

mangaba estdo listados na Tabela 1. Na Tabela 1 estdo apresentados os compostos fenolicos

identificados na polpa de mangaba com suas respectivas atividades biologicas.

Tabela 1. Compostos fendlicos identificados na polpa de mangaba com suas respectivas atividades

bioldgicas

Compostos identificados

Atividade Biologica

Referéncias

Quercetina, Propriedades antioxidantes, SANTOS et al., 2022
rutina, antiinflamatorias,
guercetina-3- O- hexosideo, antiproliferativas,
quercetina- anticancerigenas,  antidiabéticas,
3- O- raminogalactosideo, antivirais e antiagregante da
Quercetina  -3- O -galactosideo, quercetina, bem como sua
quercetina-pentosideo e utilizacdo no tratamento de doencas
avicularina neurodegenerativas, cancer,
disturbios cardiovasculares,
diabetes, reacoes alérgicas,
inflamacado e artrite
Kaempferol, kaempferol- Melhora o sistema de defesa SANTOS etal., 2022
hexosideo, kaempferol-3- O-(p - antioxidante e atua na modulacédo

cumaroil)-ramnogalactosideo e
kaempferol-3- O-rutinosideo

de componentes-chave das vias de
transducdo celular relacionadas a
angiogénese, apoptose, metastase e
inflamacdo, protegendo células
normais e inibindo a proliferacdo
de células cancerigenas

Miricetina Agente gastroprotetor, ZITHA etal., 2022
antidiabético, antiinflamatorio,
antiaterosclerdtico,  antioxidante,
hipoglicémico e citoprotetor eficaz

Catequina A alta ingestdo de catequina foi ZITHA etal., 2022

associada a um menor risco de
desenvolver cancer de pancreas,
cancer de esofago e diabetes tipo 2,

biomarcadores de estresse
oxidativo  reduzidos,e  menor
mortalidade por doengas

cardiovasculares

Acido p -cumarico, acido m-

cumarico, acido trans-
clorogénico, acido cis-
clorogénico, acido isoclorogénico,
acido 1-O-cafeoilquinico, é&cido
cafeico, acido trans-orto-cumarico

O é&cido cafeico relacionado a
propriedades antioxidantes,
incluindo a prevencéo de
inflamacdes, canceres, diabetes e
doencas neurodegenerativas.

YAMASHITA et al,
2020



https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0475
https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0475
https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0595
https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0595
https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0590
https://www.sciencedirect.com/science/article/pii/S2666566222000764#b0590
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e éster metilico do acido 5-O-
cafeoilquinico

O acido p -cumaérico tem atividades
antimutagénica, antigenotdxica e
antimicrobiana, inibe a
melanogénese celular, regula o
sistema imunoldgico e reduz a
peroxidacdo do colesteral LDL e o
risco de cancer de estbmago

Acido  ferdlico, 4cido trans -
feruloilquinico, 3-4cido
feruloilquinico e 4&cido  5-

feruloilquinico

O é&cido feralico é um fitoquimico
que possui atividade antioxidante,
antiinflamatdria, antimicrobiana,
antialérgica, hepatoprotetora,
anticancerigena,  antitrombdtica,
antiviral e vasodilatadora, além de
ter a capacidade de aumentar a
viabilidade espermaética e modular
a atividade enzimatica e expressdo
génica

YAMASHITA et al,
2020

Acido gaélico Propriedades anti-inflamatoria, DUTRA et al., 2017
antibidtica, anticarcinogeénica,
antioxidante e cardioprotetora

Acido elagico Atividades antioxidante, DUTRA etal., 2017

antimutagénica, antiinflamatéria e
anticancerigena

Acido siringico

Efeitos
antimicrobianos,
anticarcinogénicos, anti-
inflamatorios, antidiabéticos,
cardioprotetores, hepatoprotetores
e neuroprotetores

antioxidantes,

DUTRA et al., 2017

Acido protocatectico, adeido
protocatecuico e acido gentisico

Anti-inflamatérios,
antigenotoxicos,
anticarcinogénicos, antidiabéticos,
anti-hiperlipidémicos,
antimicrobianos, antioxidantes,
hepatoprotetores e neuroprotetores

ALMEIDA etal., 2021

Acido salicilico

Potente agente analgésico e anti-
inflamatério e € amplamente
utilizado no tratamento de doencas
reumaticas e na prevencdo de
trombose arterial coronaria e
cerebrovascular

ALMEIDA etal., 2021

Fonte: Autor (2025)

Com isso, a mangaba tem demonstrado grande potencial para ser utilizada como matéria-

prima para produtos inovadores. Portanto, a parte comestivel (polpa) da mangaba pode ser um novo

ingrediente funcional para o desenvolvimento de alimentos com a presenca de compostos bioativos.

3.2 Oenocarpus bacaba Mart.
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A Amazdnia e o Cerrado sao biomas brasileiros que abrigam uma notavel biodiversidade,
com uma variedade de palmeiras (BORGES et al., 2022). O bioma Cerrado ¢ o segundo maior
bioma do Brasil e a savana mais biodiversa do mundo, engloba uma grande variedade de frutas que
possuem propriedades nutricionais e terapéuticas ainda pouco exploradas (MORALIS et al., 2025).
Dentre a ampla diversidade de frutas comestiveis nativas destes biomas, destaca-se o género
Oenocarpus, com existéncia de duas espécies, conhecidas popularmente como bacabeiras: a
bacaba-de-leque (Oenocarpus distichus Mart.) e a bacaba ou bacabao (Oenocarpus bacaba Mart.),

ambas de porte arboreo e monocaules (MORALIS et al., 2022).

Figura 2. Oenocarpus bacaba Mart.

Fonte: Jaqueline Aratijo (Arquivo proprio).

No Peru, a bacaba ¢ chamada de ungurauy, na Coldombia de pundma e na Guiana Francesa
de camou (MORALIS et al., 2022). E uma palmeira que mede entre 7 e 20 m de comprimento, 15 a
25 cm de diametro e possui palmito curto e grosso no apice. As folhas pinadas, geralmente possuem
entre 8 a 17 cm, sdo regularmente agrupadas e dispostas em diferentes planos (COL et al., 2021). Os
cachos sdo robustos, com frutos arredondados de cor purpura escura € uma semente
(NASCIMENTO et al., 2019). Os frutos sdo comestiveis do tipo baga, redondos na cor purpura com
cerca de 1,4 a 2,0 cm de didmetro e 1,5 a 3,0 g. O epicarpo maduro tem coloragdo plrpura escura,
enquanto o mesocarpo tem de 1,0 a 1,5 mm de espessura, ¢ mais claro, oleoso e fibroso (COL etal.,
2021).

A fruta bacaba ¢ sazonal, seu periodo de colheita se estende de abril a dezembro e apresenta-
se como uma op¢ao de mercado prospectivo, sendo a colheita longa e produtiva, podendo chegar a
8 kg por planta/ano (MORALIS et al., 2022). Sua exploragdo ¢ realizada de forma extrativista e em
particular, essa espécie tem despertado interesse devido as suas propriedades e potencial para uso
sustentavel (COL et al., 2021). Os frutos da bacaba sdo frequentemente consumidos em bebidas
consideradas saudaveis. Devido a sua rica composi¢do, frutas nativas brasileiras como a bacaba
podem ser incorporadas a probidticos para potencializar suas propriedades funcionais (ASSIS et al.,

2025).
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Com relagdo ao processamento da bacaba, essa fruta quando adicionada de d4gua produz uma
bebida oleaginosa e mucilaginosa de cor branco-amarelada, conhecida como vinho de bacaba ou
leite de bacaba (PUERARI et al., 2015). A polpa tem se destacado por apresentar alto potencial
para ser usada como ingrediente funcional na aplicacdo alimenticia, devido alto teor de lipidios,
fibras, acidos fendlicos, flavonoides principalmente antocianinas, consideravel atividade
antioxidante e por apresentar teores comparaveis ou superiores a de outras frutas da mesma familia,
como a do agai (COL ef al., 2021; OLIVEIRA et al., 2019). Além da polpa, a fruta é usada na
extragdo de 6leo de excelente composi¢ao nutricional, rico em fibras, proteinas e carboidratos, fonte
de antocianina e antioxidantes, semelhante ao azeite de oliva (FREITAS et al., 2021).

A bacaba contém carotenoides (em torno de 1,4 mg/100 g de 6leo), vitamina C (30 mg/100 g
de polpa) e outros flavonoides como catequina, epicatequina, quercetina 3-glicosideo e procianidina
B> (ASSIS et al., 2025). Estudos recentes sobre a bacaba revelaram que essa oleaginosa ¢ rica em
PUFAs O6mega-3 e -6, com seus efeitos concentrados no controle de processos inflamatdrios,
protecao cardiovascular e controle do estresse oxidativo, € por serem ricas em compostos bioativos
podem ajudar a prevenir doengas cronicas e o envelhecimento (OLIVEIRA ef al, 2019;
NASCIMENTO et al., 2019; SANTOS et al., 2021b). Pesquisas relatam que a bacaba pode causar
inibi¢do ou reducgdo do processo de carcinogénese, por exercer inibicdo da proliferacdo celular por
meio da indugdo do apoptose e além disso, pode ser até classificada como superalimento, por ser
fonte promissora de antioxidantes naturais com relevancia biologica na adipogénese (COSTA et al.,
2017; LAUVALI et al., 2017). Na tabela 2, sdo apresentados estudos de compostos bioativos e

potenciais efeitos biologicos da bacaba na saude.

Tabela 2. Estudos de compostos bioativos e potenciais efeitos biologicos da bacaba na satde

Matéria-prima _Compostos Atividade Bioldgica Referéncias
identificados
Compostos . .. MORAIS et al.
Fruta bioativos Atividade antioxidante (2022)
Oleo de polpa de Fendlicos totais ... - .. PINTO et
fruta e PUFAS Atividade antioxidante al. (2018)
Pé da fruta Fenollc_os fotals Atividade antioxidante NASCIMENTO
e antocianinas et al. (2019)
Fendlicos e . L CARVALHO et
Polpa de fruta flavonoides Propriedades antioxidantes al. (2016)
SANTOS
Polpa de fruta Fitoquimicos  Atividade enzimatica e antioxidante FILHO et al.
(2020)
Capacidades antiproliferativas; apoptose
Extrato de polpa Compostos induzida em células de cancer de mama FINCO et
de fruta fendlicos MCF-7 atraves da via al. (2016)

mitocondrial; caspase-9 de maior ativacéo


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carotenoid
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Acumulo reduzido de lipidios intracelulares

e expressdo de proteinas de marcadores
Extrato fendlico Compostos adipogénicos, incluindo PPARy, C/EBPa, LAUVAI et
da polpa fenolicos FABP4, IR-B ¢ adiponectina; diminuicdo al. (2017)

do acumulo de lipideos; inibicdo da

adipogénese.

Extratos de polpa

aquosa, Compostos Propriedades antioxidantes e protecdo LEBA et
metandlica e fendlicos contra danos ao DNA. al. (2014)
acetonica

Fonte: Autor (2025)

Considerando a bacaba uma fruta de alto valor nutricional e potencial funcional, existe a
necessidade de desenvolver estudos sobre os compostos fenolicos bioacessiveis desta fruta, visto
que novas informagdes sobre o potencial uso da bacaba como polpa funcional pode beneficiar a
saude humana. A importancia das frutas nativas com sabores diferenciados e propriedades
funcionais, tanto para a alimentagdo das comunidades locais no Brasil, quanto para a atual demanda

do mercado internacional nao pode ser subestimada.

3.3 POLPAS DE FRUTAS

O Brasil possui uma grande variedade de frutas, sendo classificado como o terceiro maior
produtor mundial com uma producdo de 122,7 milhdes de toneladas de frutas em 2023. Estes
nimeros, no entanto, representam apenas uma fragdo das frutas vendidas como produtos de
exportacio (ANUARIO BRASILEIRO DE FRUTICULTURA, 2024). A fruticultura é o segmento
presente em todos os Estados brasileiros, gerando cerca de 5,6 milhdes de empregos, com
plantacdes que englobam mais de 2 milhdes de hectares, caraterizada pela geracdo de renda e
desenvolvimento do pais (ANUARIO BRASILEIRO DE FRUTICULTURA, 2024).

As frutas brasileiras nativas apresentam uma boa aceitacdo no mercado interno e,
principalmente no mercado externo, devido suas caracteristicas sensoriais Unicas € sua elevada
concentracdo de bioativos que podem gerar beneficios a satide do consumidor (ASSIS et al., 2021).
A presenca destes compostos favorece a sua valorizagdo e permite atingir um mercado mais
especifico como o de produtos com propriedade funcional, proporcionando exploragcdo pela
agroindustria (ASSIS et al., 2024). Devido as alegacdes de atividade antioxidante, anti-inflamatoria,
hipocolesterolémica e entre outras, seus efeitos tém sido relacionados ao alto teor de vitaminas,
carotendides e polifendis presentes nestas frutas (COPETTI et al., 2020; BOEING et al., 2020;
CASTRO et al., 2020; LAKMAL et al., 2021).

As frutas s3o comumente consumidas in natura, entretanto, a disponibilidade sazonal e a

alta atividade de agua, causa elevada perecibilidade o que dificultam a sua comercializagdo
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(ALMEIDA et al., 2021). A utilizacdo de métodos tecnologicos de processamento de alimentos
visando o prolongamento da vida util da fruta e de seus produtos alimenticios derivados sao
necessidades resultantes de sua elevada producdo e peculiaridades fisico-quimicas. Além do
congelamento da polpa de fruta, a pasteurizagdo ¢ uma tecnologia amplamente utilizada pela
industria para inativar enzimas e microrganismos deteriorantes dos alimentos, tal processo pode
causar alteragdes sensoriais na fruta, porém, essas alteracdes ndo influenciam na aceitabilidade
sensorial da polpa da fruta para consumo até um ano de armazenamento congelado (GONCALVES
et al., 2020). Diante disso, o processamento de frutas em polpas de frutas torna-se uma alternativa
utilizada para ampliar o consumo destes alimentos e proporcionar a comercializagdo em distintos
mercados (SANTOS et al., 2022).

As polpas de frutas podem ser uma fonte muito rica de compostos, que possuem efeitos anti-
inflamatorios, antimutagénicos, anticolesterolémico, antialérgicos, anticancerigenos,
antimicrobianos e antiglicémicos (GUZEL et al., 2019), e de fibras alimentares, que sdo um dos
pilares de uma alimentagao saudavel e equilibrada, pois t€ém um efeito positivo em doengas como
distarbios gastrointestinais, cancer de colon, constipacdo, diabetes, doengas cardiovasculares e
elevado colesterol (ERGENE et al., 2019). As polpas também sdo uma boa fonte de enzimas,
vitaminas, 6leos e componentes bioativos, como polifendis e carotenoides (HANOGLU;
KARAOGLU; BEDIR, 2023).

Com isso, pela defini¢do polpa de fruta ¢ caracterizada como produto ndo fermentado, nao
concentrado e nao diluido, com teor minimo de so6lidos totais, e obtido a partir da parte comestivel
do fruto (BRASIL, 2000). A polpa de fruta ¢ uma alternativa pratica para o consumo, que se
diferencia de outros produtos por possuir sua composi¢do e caracteristicas sensoriais semelhantes
ao do fruto fresco. No Brasil a polpa de fruta destinada a produgdo e consumo da bebida ¢
regulamentada pela Instrucdo Normativa N° 1 de 7 de janeiro de 2000 (BRASIL, 2000), e devido
ao seu mercado em expansdo, estd em andamento uma consulta publica para atualizagdo dessa
regulamentacdo, através da Portaria N° 58, de 30 de agosto de 2016 (BRASIL, 2016), que inclui

frutas nativas e exoticas ainda ndo contemplados na legislagao vigente.

3.3.1 Fermentacao de polpas de frutas por probioticos

Devido ao crescente conhecimento publico das vantagens dos probidticos para a saude,
preservando o equilibrio da microbiota intestinal e melhorando as defesas da mucosa contra agentes
patogénicos, a procura por alimentos funcionais contendo microrganismos com qualidades
probioticas esta a aumentar rapidamente (MANOJ et al., 2023). As polpas de frutas, geralmente
consumidas e consideradas produtos saudaveis, podem servir como meio alternativo para a
incorporagdo de bactérias probidticas, visto que incluem muitos carboidratos, minerais e vitaminas

que os probiodticos podem usar como substrato (GOMES et al., 2021).
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O consumo de polpas de frutas fermentadas com probiodticos poderia melhorar a nutrigao
humana pela ingestao equilibrada de vitaminas, minerais e carboidratos, além de prevenir doengas
dependendo das propriedades probidticas da cultura iniciadora (ASSIS et al., 2021). Além disso,
algumas polpas fermentadas contém pigmentos coloridos, como flavondides, licopeno, antocianina,
pB-caroteno e glucosinolatos, que atuam como compostos antioxidantes no corpo, ajudando a
eliminar radicais livres nocivos envolvidos em doencas degenerativas (GARCIA et al., 2020).

Assim, para realizar fermentagdes de polpas de frutas com sucesso, a selecdo do probiotico
a ser utilizado como cultura iniciadora deve ser baseado principalmente em critérios tecnologicos,
sensoriais e/ou nutricionais (DI CAGNO; FILANNINO; GOBBETTI, 2017). Entre as
caracteristicas tecnoldgicas desejdveis, a cultura probidtica deve ser adaptada a matriz da fruta para
crescer rapidamente ¢ acidificar o meio mesmo em baixos valores de pH e temperatura, ¢ devem
tolerar e/ou metabolizar compostos fenélicos (RUIZ RODRIGUEZ et al., 2021). A cultura deve ter
a capacidade de fermentar eficazmente diversos substratos de carboidratos, aumentando a densidade
e melhorando a biodisponibilidade de nutrientes, garantindo um processo de fermentacdo completo
e bem-sucedido. E também desejavel que o probidtico seja capaz de sintetizar compostos
antimicrobianos, aumentando a seguranca e a extensao do prazo de validade por meio da eliminagao
de microrganismos deteriorantes e patdégenos de origem alimentar (GARCIA et al., 2020;
SZUTOWSKA, 2020).

Quanto aos critérios sensoriais, a presenga de compostos de aromas em polpas de frutas
fermentadas tem um impacto crucial na qualidade sensorial e na aceitacdo do produto final pelo
consumidor. Espera-se que a cultura selecionada sintetize compostos de impacto odorifero ou seus
precursores, como agucares, aminoacidos, lipideos, pigmentos, permitindo a obtengdo de polpas
fermentadas com sabores e odores satisfatorios e sabores desagradaveis reduzidos, como aldeidos
indesejaveis (SZUTOWSKA, 2020).

Em relagdo as caracteristicas metabodlicas funcionais ¢ preferivel a sele¢cdo de cultura
probiotica capaz de produzir exopolissacarideos (EPS). Esses compostos melhoram a reologia das
polpas fermentadas principalmente devido a sua alta viscosidade, afetando positivamente a
percepcao do produto final. Certos EPS apresentam algumas propriedades funcionais, como
atividades imunomoduladoras, anticancerigenas, antioxidantes e antibacterianas, e podem aumentar
a colonizagdo intestinal por probiodticos (AYED; M'HIR; HAMDI, 2020). Além disso, a cultura
probiodtica pode aumentar a atividade antioxidante da matriz e ser capaz de produzir ou liberar
compostos bioativos como peptideos, vitaminas, aminoacidos e fenolicos (AYED; M'HIR; HAMDI,
2020; GARCIA et al., 2020; SZUTOWSKA, 2020).

Alguns estudos que envolvem a conversao de compostos fenolicos através do processo de
fermentagdo foram relatados na literatura, como por Zhou et al. (2020) ao avaliarem a
biotransformacao de fenolicos em polpa de kiwi induzida pela fermentacio por Lactiplantibacillus

plantarum subsp. plantarum; Filannino et al. (2020) ao investigarem a capacidade de bactérias



28

lacticas autdctones selecionadas em enriquecer o portfélio de compostos bioativos do abacate
(Persea americana Mill.); e Yang et al. (2022) ao objetivarem obter uma cepa adequada com forte
capacidade de transformagao de polifendis na polpa de péssego e investigar sua taxa de crescimento
e metabolismo no substrato durante a fermentacdo. Como principais resultados encontrados,
observou-se que os teores de fenolicos e flavondides aumentaram apods a fermentacdo. A
fermentacdo resultou em melhorias na produgdo de alcoois, aldeidos € no conteudo de compostos
aromaticos, como levou a um aumento acentuado da atividade antioxidante.

Com isso, a etapa de fermentagdo ¢ uma tecnologia simples e valiosa, de baixo custo e um
processo sustentavel para manter e/ou melhorar as propriedades nutricionais e sensoriais das
matérias-primas e para prolongar a vida Util de frutas e polpas em condi¢des de seguranca sanitaria
(DI CAGNO; FILANNINO; GOBBETTI, 2017). A biotransformac¢ao de compostos fendlicos que
ocorre durante este processo, auxilia na liberacdo de fenolicos conjugados, melhorando a
bioacessibilidade. E o estudo da bioacessibilidade de fenodlicos € importante para estimar o impacto
da digestdo gastrointestinal das matrizes alimentares nas mensuracdes subsequentes da
biodisponibilidade destes compostos (ASSIS et al., 2021).

Alguns aspectos devem ser considerados quanto ao estudo da bioacessibilidade. Os fatores
que causam variacdes no contetido dos compostos fendlicos ao longo da exposi¢do as diferentes
etapas da digestdo, que podem ser atribuidas a algumas propriedades fisicas e bioquimicas do trato
gastrointestinal, como alteragdes de pH, atividade enzimatica e temperatura (BARAK et al., 2019).
A estrutura quimica dos compostos, complexidade da matriz alimentar, presenca de fibras, contetido
protéico e uma possivel interacdo molecular com os compostos fenolicos, bem como a presenca de
inibidores ou potencializadores de absor¢do, tipo e quantidade dos outros compostos ingeridos,
estado fisiologico e tempo de esvaziamento gastrico ou de transito intestinal, também influenciam
na bioacessibilidade dos compostos fendlicos (SANTIAGO, 2018).

Diversas metodologias tém sido utilizadas para avaliar a bioacessibilidade de fendlicos que
incluem modelos in vivo em animais e humanos, e modelos in vitro como a digestdo simulada do
trato gastrointestinal (ASSIS et al., 2024). A digestdo gastrointestinal in vitro simula algumas
condigdes gastrointestinais biologicas (enzimas gastricas e pancreaticas) e quimicas (pH,
temperatura e sais biliares), como também avalia o quio estaveis e absorvidos sdo 0os compostos
fenolicos e se ha alteragcdo da atividade antioxidante durante a digestdo (DUTRA et al., 2017). Sao
modelos de digestdo que compreendem as fases oral, gastrica, intestinal e, ocasionalmente,
fermentacdo colonica (GONG et al., 2019). As metodologias in vitro t€m sido desenvolvidas a fim
de possibilitar a investigagcdo do efeito da matriz alimentar sobre a bioacessibilidade de fendlicos,
de modo a obter resultados para apoiar reivindicagdes de relevancia bioldgica desses compostos
(PEREZ-BURILLO et al., 2021).

Estudos sobre a bioacessilidade de fenolicos foram descritos por Morais ef al. (2019) ao

analisarem o efeito de probioticos no contetido de fenolicos em polpa de pitaya vermelha. Mashitoa
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et al. (2021a) ao escreverem o impacto da utilizagdo de diferentes cepas de bactérias lacticas (BAL)
para a fermentacao de puré de mamao e seu efeito nos parametros de qualidade e bioacessibilidade
de compostos fendlicos durante simulagao da digestdo gastrointestinal in vitro. Mashitoa et al.
(2021b) ao investigarem as alteragdes dos principais compostos fendlicos em puré de manga
pasteurizado fermentado com diferentes cepas de bactérias lacticas e a bioacessibilidade de
diferentes compostos fendlicos durante a digestdo gastrointestinal in vitro. Assis et al. (2021) ao
avaliarem o efeito da fermentacdo de purés de frutas (seriguela, mangaba, manga e acerola)
com LA-05 e LC-01, e Kaur e Ghosh (2023) ao analisarem a polpa de goiaba apo6s fermentagdo
com cepas selecionadas de BAL. Os estudos revelaram que a fermentagao com culturas probioticas
aumentam substancialmente o teor de fendlicos e a bioacessibilidade, e o co-cultivo de ambas as
cepas probioticas apresentam resultados promissores para um maior teor e bioacessibilidade de
compostos fenolicos e maior atividade antioxidante.

Além do mais, ha alguns poucos estudos que utilizam polpas de frutas usando modelos
coldnicos in vitro, aplicando a microbiota fecal para determinar o potencial prebidtico e a fragdo
dos compostos biotransformada por esses microorganismos. Nesta perspectiva, alimentos ricos em
compostos fendlicos t€m sido investigados quanto aos seus efeitos benéficos na microbiota
intestinal humana ligados a propriedades prebidticas (SANDERS et al., 2019).

Alves-Santos et al. (2023) demostraram que a polpa de baru estimulou o crescimento € o
metabolismo dos probioticos Bifidobacterium animalis subsp. lactis BB-12, Lactobacillus
acidophilus LA-05 e Lacticaseibacillus casei L-26. A polpa de baru digerida induziu beneficios
significativos & microbiota colonica humana, aumentando a abundancia relativa de Lactobacillus-
Enterococcus, Bifidobacterium e Bacteroides-Provotella. Os resultados mostram que a polpa de
baru apresentou elevado teor de compostos fendlicos (principalmente hesperidina), e possui
potenciais  propriedades  prebidticas a  serem  exploradas na  formulagdo de
novos alimentos promotores a saide. Martinez et al. (2023) avaliaram a polpa de argan, e
perceberam que a polpa modulou a microbiota intestinal diminuindo a relagdo
Firmicutes/Bacteroidetes, considerando que a polpa de argan pode ser considerada um alimento ou
ingrediente funcional com efeitos benéficos em diversos biomarcadores do metabolismo.

Neste contexto, polpas de frutas que podem ser fermentadas por bactérias probiodticas
constituem uma alternativa promissora para suprir as necessidades mencionadas e promover o
consumo de frutas. A fermentagao utilizando cepas probidticas poder melhorar o perfil de aroma e
sabor junto com o aumento do prazo de validade (NAZHAND et al., 2020; SZUTOWSKA, 2020).
Portanto, a presente pesquisa representa uma possibilidade de obtencdo de informacdes

preliminares e de conhecimento relevante, indispensaveis a comunidade cientifica.

3.4 ASPECTOS GERAIS DA MICROBIOTA INTESTINAL HUMANA
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O corpo humano ¢ habitado por trilhdes de microrganismos cuja atividade metabolica e
fungdo coordenada sdo essenciais para a vida e a saude. Esses microrganismos podem atingir sua
densidade mais alta dentro do compartimento intestinal, aproximadamente 3,8 x 10!*, excedendo
em muito o nimero de células hospedeiras por um fator de dez, e juntos formam uma grande
comunidade microbiana chamada microbioma intestinal (LIU et al., 2023).

A microbiota intestinal ¢ formada principalmente por seis filos: Firmicutes, Bacteroides,
Actinobacteria, Proteobacteria, Verrucomicrobia e Fusobacteria. Entre eles, Firmicutes e
Bacteroides sao os principais filos, e as propor¢des desses dois filos bacterianos podem variar sob
diferentes condigoes fisiologicas e patologicas (LIU ef al., 2023). As proporgdes de Firmicutes para
Bacteroides sdo frequentemente consideradas um marcador preditivo para avaliar o estado de saude
e doenca (HOU et al., 2022). Em percentagem, esses dois filos representam 90% da constituicao
total do filo bacteriano e Actinobacteria, Proteobacteria e Verrucomicrobia sdo representados em
menor grau (KLEMENTE; PAZIENZA, 2019). Manter um equilibrio em ecossistemas microbianos
complexos como o trato gastrointestinal humano envolve uma relacio mutualistica entre a
composi¢ao da microbiota, a produgdo metabolica ¢ a resposta imune do hospedeiro (GOYA-
JORGE et al., 2024).

No mais, a composi¢do da microbiota intestinal em organismos normais nao € constante e
sua composicdo ¢ alterada por uma variedade de fatores, como ambiente, idade, niveis hormonais,
terapia medicamentosa (antibidticos) e habitos alimentares (LIU et al., 2023). Uma microbiota
saudavel (ou “normal”) deve ter a chamada capacidade de resisténcia a colonizagdo para combater
e superar a infec¢do por organismos patogénicos, muitos dos quais sdo bactérias comensais
oportunistas (GOYA-JORGE et al., 2024).

Estudos in vivo relataram que as alteragdes na composi¢do da microbiota intestinal
demonstraram exercer um papel importante na manuten¢do da funcdo da barreira intestinal. De fato,
foi documentado que dietas pobres em fibras, ricas em proteinas e ricas em gordura aumentam a
inflamacdo e a permeabilidade intestinal, alterando a transloca¢cdo de populagdes bacterianas e
metabolitos que modulam a inflamacao (SAKKAS et al.,, 2020; KARL et al, 2017). Por
conseguinte, tecnologias de sequenciamento de microbioma de alto rendimento, incluindo
sequenciamento do gene 16S rRna, metatranscriptomica, metaprotedmica e metabolomica,
oferecem os insights mais consideraveis sobre o ecossistema da microbiota intestinal e suas fun¢des

metabolicas (SAKKAS et al., 2020).
3.4.1 Efeito de polpas de frutas fermentadas na microbiota
As frutas sdo consideradas a principal fonte de substancias ativas, constituidas por

polissacarideos, fibra alimentar, fendlicos, flavonoides e carotendides que podem alterar e modular

a variedade, quantidade, riqueza e diversidade da microbiota intestinal (ALASALVAR et al.,
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2023). As substancias ativas nas frutas ou polpas de frutas interagem com as bactérias do acido
lactico, o que facilita a diversidade de grupos bacterianos benéficos, que alteram a proporcao de
Firmicutes/Bacteroides e inibem o crescimento de bactérias nocivas no intestino (BORGONOVI et
al., 2022). A incorporagao de ingredientes bioativos pode regular a estrutura geral e a composi¢ao
da microbiota intestinal e reduzir a disbiose intestinal. Da mesma forma, estes ingredientes ativos
sao decompostos e metabolizados no intestino, e estes metabolitos entram na circulagdo humana
através da corrente sanguinea com grandes beneficios a saude (JIN et al., 2023).

As interagdes entre os componentes alimentares e as populacdes intestinais precisam ser
consideradas para melhor compreender os efeitos benéficos dos compostos bioativos das frutas ou
polpas de frutas no bem-estar geral do hospedeiro e para planejar intervencdes dietéticas eficazes
(BORGONOVI et al., 2022). No entanto, os mecanismos de acdo através dos quais os compostos
bioativos alteram a composi¢do intestinal apenas comecaram a ser explicados e alguns deles
permanecem desconhecidos (JIN et al., 2023).

Os polifendis e outros metabdlitos nas frutas ou polpas de frutas podem aumentar a funcao
da barreira intestinal, reduzir o estresse oxidativo, inibir a secre¢do de citocinas inflamatorias e
regular a fungdo imunolégica regulando a microbiota intestinal (JIN et al., 2023). As frutas sdo
exemplos de matrizes ricas em polifendis com propriedades antioxidantes e atividade eliminadora
de radicais livres, o que € benéfico para a saude humana (FRAGA et al., 2019).

Em um estudo, Li et al. (2023) descobriram que a intervencao de altas doses de polpa de
jujuba fermentada (FJP) regulou o perfil da microbiota, posteriormente restaurou a microbiota,
como Bacteroidetes , Bifidobacterium e Lactobacillus. Esta pesquisa forneceu resultados
convincentes in vivo e evidéncias de que a suplementagdo de altas doses de FJP através da dieta
diaria pode ser uma abordagem promissora para modular a saude intestinal. Assis et al. (2024)
estudaram a polpa de mangaba fermentada com o probidtico Lacticaseibacillus casei 01 (LC1) e
seus efeitos na modulacdo da microbiota intestinal de adultos veganos saudaveis, assim como
também Assis et al. (2025) avaliaram a polpa de bacaba fermentada com os
probioticos Lactobacillus acidophilus 05 (LA-05) e Lacticaseibacillus casei 01 (LC1) e seu efeito
na modulagdo da microbiota intestinal de adultos saudaveis. Os resultados mostraram que a
fermentacdo fecal in vitro aumentou a abundancia de microrganismos benéficos e diminuiram a
abundancia de microrganismos patogénicos como Clostridiales. Esses achados fornecem novas
informacdes sobre o potencial uso da mangaba e da bacaba como polpas funcionais que induzem

alteracdes na microbiota colonica associadas a potenciais beneficios para a saide humana.

3.4.2 Efeitos na microbiota de veganos
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Durante as ultimas décadas, padrdoes alimentares vegetarianos € veganos que
comprovadamente estdo associados a varios resultados benéficos para a saide foram adotados por
uma proporcao crescente de individuos nas sociedades ocidentais (MEDAWAR et al., 2019).

A forma mais estritamente regulamentada de vegetarianismo (veganismo) ¢ caracterizada
por uma abstinéncia completa do consumo de carne e alimentos de origem animal, como laticinios,
ovos ¢ mel, com uma dieta composta apenas por alimentos vegetais como graos, vegetais, frutas,
legumes, nozes, sementes, gorduras e 6leos vegetais (VERONESE; REGINSTER, 2019; LEMALE
et al., 2019). Muitas pesquisas t€ém se concentrado nos efeitos potenciais do veganismo na satde e
no bem-estar. Embora diversos beneficios associados a multiplas comorbidades médicas tenham
sido relatados, como deficiéncias nutricionais em relagdo a vitaminas, minerais € proteinas
(LEMALE et al., 2019; CHANDRA-HIOE et al., 2019; ALLES et al., 2017). O veganismo tem
sido amplamente aceito como o protétipo de dieta saudavel relacionada a microbiota intestinal
(TOMOVA et al., 2019; WONG et al., 2018).

As dietas veganas sdo fontes de nutrientes para microrganismos e também possuem sua
propria microbiota, conferindo efeitos heterogéneos na abundancia e na diversidade da microbiota
intestinal (MILANOVIC et al.,2019). O consumo de vegetais e frutas a longo prazo se correlaciona
com a diversidade da microbiota intestinal e uma maior ingestdo de fibras aumenta a prevaléncia
de microrganismos associados a um intestino saudavel (KLIMENKO et al., 2018). Em um estudo
transversal realizado por Losno et al. (2021), Firmicutes e Bacteroidetes demonstraram representar
cerca de 95-97,7% da microbiota intestinal total em veganos, com Firmicutes contribuindo com
cerca de 56-58,6% e Bacteroidetes contribuindo com 39% para o microbiota intestinal total.

Especialmente o maior teor de fibras e polifendis nas dietas veganas parece desempenhar
papel significativo na manutencdo de um ecossistema mais diversificado de bactérias benéficas
(TOMOVA et al., 2019). Os polifendis aumentam Bifidobacterium spp. € Lactobacillus spp.,
proporcionando prote¢do cardiovascular, bem como efeitos antibacterianos e anti-inflamatérios
(SAKKAS et al., 2020). A maioria desses compostos exibe diversidade estrutural e consiste em
flavonoides, acidos fendlicos, estilbenos, lignanas e secoiriddides. Estes passam para o célon e sdo
metabolizados por bactérias do colon que influenciam sua bioatividade, enquanto uma pequena
proporg¢ao ¢ possivelmente absorvida no intestino delgado (ROWLAND et al., 2018). As frutas ou
polpas de frutas sdo exemplos de boas fontes de polifendis (RINNINELLA et al., 2019).

Reiss et al. (2016) relataram uma maior abundéncia do filo Proteobacteria em veganos e,
embora ndo significativa, uma tendéncia a uma menor abundancia de Actinobacteria no grupo
vegano. Além disso, varias pesquisas encontraram niveis reduzidos de patobiontes, como
Enterobacteriaceae, que estdo associados a inducdo de inflamacdo de baixo grau na microbiota
intestinal, ¢ um aumento de bactérias degradadoras de fibras, que incluem Bifidobacterium,
Prevotella, Bacteroides e Clostridium (TOMOVA et al., 2019; FEDERICI et al., 2017; LOSNO et

al.,2021). As dietas veganas e seus principais componentes afetam tanto a composi¢ao bacteriana
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quanto as vias metabolicas da microbiota intestinal, aumentando os microrganismos benéficos. No
entanto, sao necessarios mais estudos para determinar o impacto destas dietas na microbiota

intestinal.

4 DELINEAMENTO EXPERIMENTAL

Etapa I: O Artigo de Revisdo sob o titulo “Microbiota of foods: a comprehensive review of diversity
and potential implications”, discute a composi¢ao da microbiota de diferentes produtos alimenticios
fermentados, como bebidas fermentadas, laticinios, alimentos étnicos € outros, com énfase nos
beneficios e desafios do uso de abordagens Omicas para avaliar a microbiota alimentar. Como
abordagem metodoldgica os artigos em inglés foram pesquisados nas bases de dados PubMed e
Scopus entre 2014 e 2024, utilizando combinacdes de palavras-chave como estratégia de busca. As
palavras-chave incluiram “microbiota alimentar”, “microbioma alimentar”, “alimentos
fermentados”, “bebidas fermentadas”, “laticinios”, “alimentos asiaticos” e “6micas”. Um total de
94 artigos foram selecionados a partir dessa busca. Esta revisdo limitou-se a busca por artigos
originais que avaliaram a microbiota de diferentes produtos alimenticios fermentados utilizando
uma abordagem 6mica. Diferentes estudos foram incluidos, abordando (i) o perfil das comunidades
microbianas de diferentes alimentos, (i) os fatores que impactam a microbiota alimentar e (iii) as
correlagdes entre comunidades microbianas e propriedades fisico-quimicas e sensoriais. Artigos
originais que utilizaram apenas métodos baseados em cultivo foram excluidos. Os estudos foram
divididos em bebidas fermentadas, laticinios, alimentos asiiticos e outros alimentos (alimentos
fermentados com poucos estudos na area de microbiota). Foram descritos aspectos metodoldgicos
referentes as técnicas dmicas, plataformas, primers, testes de controle de qualidade e bancos de
dados utilizados, bem como as vantagens e os principais obstaculos da abordagem dmica moderna
para avaliar o microbioma alimentar. Além disso, foram apresentadas e discutidas as bactérias e
fungos dominantes em diversos alimentos, bem como suas relacdes com as caracteristicas dos

alimentos.

Figura 3. Aborgadem metodoldgica para o artigo de revisao
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Fonte: Proprio autor (2025).

Etapa II: O Capitulo de livro sob o titulo “Bioaccessibility of phenolic compounds in fermented
native fruit”, detalha a metodologia para extragdo de compostos fendlicos de frutas nativas
fermentadas e analisa a digestdo gastrointestinal simulada para avaliar a bioacessibilidade fenoélica.
A abordagem metodoldgica foi baseada para (i) obten¢do de frutas nativas in natura e
processamento da polpa, (ii) obten¢ao de polpa de fruta fermentada probiotica, (iii) extragao de
compostos fendlicos de frutas nativas fermentadas, (iv) simulagdo de digestdo gastrointestinal in
vitro e (v) determinacdo de compostos fenolicos de frutas nativas fermentadas. Este capitulo foi
escrito em virtude da crescente valorizacdo de frutas nativas fermentadas como potenciais alimentos

funcionais.

Figura 4. Aborgadem metodologica para o capitulo de livro

Bases de Selecdo de arquivos a Obtengdo de
. dados ' serem incluidos dados
O s
e/ >y
. =)

Fonte: Proprio autor (2025).

Etapa III: O Artigo sob o titulo “Mangaba pulp fermented with Lacticaseibacillus casei 01 has
improved chemical, technological, and sensory properties and positively impacts the colonic
microbiota of vegan adults”, avaliou os aspectos funcionais, tecnologicos e sensoriais da polpa de
mangaba fermentada com o probiotico Lacticaseibacillus casei 01 (LC1) durante o armazenamento

refrigerado e, determinou o efeito na modulacdo da microbiota intestinal de adultos veganos
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saudaveis por meio do sequenciamento do 16S rRNA. Os experimentos se basearam em 5 etapas
principais. Em um primeiro momento foram realizadas a preparacdo do inoculo da cepa de
Lacticaseibacillus casei 01 (LC1). Em seguida, realizou-se a elabora¢do da polpa fermentada
probidtica de mangaba (Hancornia speciosa Gomes) adicionada de Lacticaseibacillus casei (LC1).
Posteriormente, foram realizadas as analises ao longo do armazenamento refrigerado para a polpa
de mangaba controle e fermentada nos tempos de 1, 7, 14, 21 e 28 dias e as analises durante 48h de
fermentagdo da polpa da mangaba controle e fermentada. A analise sensorial foi escolhida para ser
realizada apenas com os tempos 1, 14 e 28 dias de armazenamento da polpa de mangaba. Na tltima
etapa foram desenvolvidos os ensaios de fermentagdo in vitro para as polpas controles e fermentadas

da fruta mangaba, utilizando doadores veganos com base no sequenciamento 16S rRNA.
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Figura 5. Delineamento experimental da etapa I11.
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Etapa IV: O Artigo sob o titulo “Amazonian native palm pulp (Bacaba) fermented with probiotics
influenced physical-chemical technological properties and modulated the bacterial colonic
community of healthy adults”, avaliou a composi¢ao quimica e a bioacessibilidade de fenolicos na
polpa de bacaba fermentada com Lactobacillus acidophilus 05 (LA-05) e Lacticaseibacillus casei
01 (LC1), determinou a viabilidade probiotica na polpa fermentada de bacaba e durante a digestao
in vitro e, determinou o efeito das polpas de bacaba na composi¢ao da microbiota intestinal de
adultos sauddveis por meio da metabarcodificacdo do gene 16S rRNA. Os experimentos se
basearam em 4 etapas principais. Em um primeiro momento foram realizadas as preparagdes dos
in6culos das cepas de Lactobacillus acidophilus 05 (LA-05) e Lacticaseibacillus casei 01 (LC1).
Em seguida, realizou-se a elaborag@o das polpas fermentadas probidticas de bacaba (Oenocarpus
bacaba Mart.) adicionada de Lactobacillus acidophilus ou Lacticaseibacillus casei, em separado
(formulacdes diferentes). Posteriormente, foram realizadas as anélises durante 48h de fermentagao
da polpa da bacaba controle e fermentada. Na ultima etapa foram desenvolvidos os ensaios de
fermentacdo in vitro para as polpas controles e fermentadas da fruta bacaba, utilizando doadores

saudaveis com base no sequenciamento 16S rRNA.
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Figura 6. Delineamento experimental da etapa V.
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Etapa V: A Patente sob o titulo “Processo de fermentacgao probiotica aplicado a frutas tropicais para
producao de alimento funcional”, esta submetida ao processo de depdsito na Agéncia UFPB de
Inovagdo Tecnoldgica - INOVA UFPB. Esta patente tem como objetivo validar o processo
fermentativo aplicado a frutas tropicais sob a vantagem de ser utilizada em larga escala pela
industria de alimentos. Além disso, o documento de patente trata-se do resumo da invengao,
caracterizado pela descri¢ao do objetivo e as etapas necessarias do processo fermentativo probiotico

de frutas tropicais.

Figura 7. Delineamento experimental da etapa V.
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Fonte: Proprio autor (2025).
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5 RESULTADOS

Os resultados e discussdo produzidos durante o desenvolvimento da tese estdo expostos em
formato de artigo cientifico, capitulo de livro e patente em atendimento a Norma Complementar n°

01/2024 do PPGCTA.

5.1 ARTIGO DE REVISAO - Microbiota of foods: a comprehensive review of diversity and
potential implications. (Artigo de revisao submetido ao periddico Comprehensive Reviews in Food

Science and Food Safety).

ABSTRACT:

Microbial communities play a central role in food ecosystems. Fermented foods, in particular, host
complex and dynamic microbiomes that are shaped by raw materials, fermentation substrates,
processing environments, and regional production practices. This review provides an in-depth
analysis of the microbial diversity in various fermented food products, including beverages, dairy
products, Asian foods, and other traditional products, highlighting how microbial composition
evolves throughout fermentation and how specific microorganisms contribute to the safety and
sensory profiles of the final products. The field has undergone a methodological transformation
with the transition from classical culture-based methods to advanced omics technologies. Culture-
independent approaches such as metataxonomics, metagenomics, metatranscriptomics,
metaproteomics, and metabolomics have enabled more accurate profiling of microbial
communities, uncovering both their taxonomic composition and functional roles. Despite the
increasing interest in metagenomics and metatranscriptomics, metataxonomic high-throughput
sequencing, particularly 16S rRNA and ITS gene analyses, remains the most employed technique
due to its lower cost and accessibility. However, it provides limited resolution at the species level
and cannot distinguish between live and dead cells. Microbiome characterization using omics has
practical implications for the food industry, including the identification of microbial signatures in
artisanal foods, the discovery of novel starter cultures or probiotics, and enhanced control over
fermentation processes. Findings outline the main methodological approaches, sequencing

platforms, primer sets, and bioinformatic tools used in studies, as well as the current limitations and
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future directions in the field. Integrative multi-omics strategies is expected to significantly enhance

food safety, quality, traceability, and functionality across diverse food systems.

KEYWORDS: microbiome, high-throughput sequencing, dairy products, fermented foods, food

quality, culture-independent methods.

1. Introduction

Microbiome studies in food systems have demonstrated the potential to enhance food
quality, making it a key research area. This field holds promise for improving safety, sustainability,
and production yield while also facilitating the discovery of new strains, probiotics, and mobile
genetic elements (Ferrocino et al., 2022; Okoye et al., 2024). The term microbiome was redefined
as "the community of microorganisms and their 'theatre of activity' (structural elements,
metabolites/signal molecules, and the surrounding environmental conditions) in a defined habitat"
(Berg et al. 2020). The food microbiome can originate from multiple sources, including raw
materials, the surrounding environment, exposure to human handling, and the geographical area of
cultivation or production (Ferrocino et al., 2022). Additionally, factors associated with processing
practices, such as the manufacturing stage, moisture levels, and packaging techniques, influence the
microbiome profile unique to each type of food (Jarvis et al., 2018; Okoye et al., 2024).

The microbiome also significantly impacts food products, as it influences specific sensory
attributes, can contribute to spoilage and safety concerns, and can potentially be transferred from
foods to humans (Ferrocino et al., 2023). Therefore, a deeper understanding of microbiomes enables
more precise management of food systems, impacting research and industrial practices.
Investigating the interactions, functions, and diversity of every microbial species within this
complex system is crucial for efficiently monitoring and manipulating food systems, helping to
elevate the quality and safety of the produced food (Ferrocino et al. 2022).

Analyzing food microbiomes offers valuable insights into the resident microbial
communities and their changes over time, providing significant contributions to various food-

related endeavors (Jarvis et al. 2018). For example, the study of microbial communities plays a key
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role in monitoring processes and understanding the unique characteristics of fermented foods
(Duarte et al., 2024). Microbial diversity plays a crucial role in shaping the chemistry and nutritional
properties of food, thereby affecting its yield and quality (Ojeda-Linares et al. 2021). Furthermore,
environmental factors significantly influence the composition and functional potential of fermented
foods' microbiomes, with studies revealing distinct microbial characteristics in these products based
on the fermentation substrate, geographical origin, and processing (Liu et al., 2023; Zhang et al.,
2021a).

Therefore, microbiome-scale metabolic reconstruction has become the primary method for
uncovering how microorganisms influence the characteristics of food products (Ferrocino et al.
2022). Numerous studies have demonstrated the utility of this approach in elucidating how changes
in microbiome composition and function correlate with alterations in factors such as color, pH, and
flavor across various food types, like cheeses (D'Incecco et al. 2023), fermented sour meat (Zhong
et al. 2021), fermented fish (Sirichoat et al. 2022), fermented soy sauce (Feng et al. 2023),
kombucha (Yang et al. 2022), water kefir (Patel et al. 2022), vegetable and cereal fermented
beverages (Gutiérrez-Sarmiento et al. 2022; Delgado-Ospina et al. 2022), among others.

Traditional microbiological analyses using culture media have been fundamental in
detecting and studying microorganisms in foods. However, these culture-dependent methods have
inherent limitations, as they only reveal microorganisms capable of proliferating in synthetic media
during analysis. Under stress conditions, some microbial cells may be alive but unable to grow,
resulting in a biased and potentially distorted view of the microbial ecology in a sample (Rantsiou
et al. 2022). Classical methods also struggle to detect microorganisms in a viable but non-culturable
state or those not typically expected in food. These facts lead to the loss of critical information about
the entire microbiome. In contrast, -omics approach offers a comprehensive examination of food
microbiomes, even identifying small numbers of cells in a sample (Ferrocino et al. 2022).

The shift from classical cultivation-based approaches to modern omics sciences has
revolutionized microbiome investigation. In foods containing mixed microbial communities, this
approach, known as meta-omics, analyzes macromolecules and metabolites from all present

microorganisms, providing a comprehensive overview of microbial activity (Rantsiou et al., 2022).
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Omics techniques, such as metataxonomic/metagenomics, metatranscriptomics, metaproteomics,
and metabolomics, target DNA, RNA, proteins, and metabolites, respectively, and have been widely
used to gain a deeper understanding of the impacts of microorganisms on foods (Okoye et al. 2024;
Tilocca et al. 2020).

The choice of the -omics approach largely depends on the type of samples being studied and
must align with the research hypothesis and experimental questions. Metataxonomics is efficient
for identifying and comparing microbial communities at higher taxonomic levels, such as phylum
and genus, but has limited resolution at the species level (Sabater et al. 2021). In contrast,
metagenomic approaches, whether amplicon-based or shotgun sequencing, offer a more
comprehensive view with higher taxonomic resolution, reaching species or even strain levels.
However, the metagenomics limitation is mainly related to the capture of DNA from both living
and dead cells, with gene abundance not necessarily correlating with protein or metabolite synthesis
On the other hand, mRNA sequencing does not always predict the translation into functional
proteins or metabolites and lacks taxonomic detail. Additionally, metabolites and proteins, which
can originate from the host or food ingredients, are highly labile and require specialized methods
for collection and preservation (Ferrocino et al., 2022; Okoye et al., 2024).

The selection of -omics tools are typically influenced by a research group's technical and
analytical skills, prior experience with these technologies, access to data analysis platforms, and
funding availability (Ferrocino et al. 2023). High-throughput sequencing platforms have
revolutionized the study of microbiomes in complex food matrices, allowing for a comprehensive
understanding of the structure, function, and dynamics of microbial consortia (Sequino et al., 2022;
Tilocca et al., 2020). The combination of high-throughput sequencing technologies, which produce
extensive datasets, and advanced bioinformatic tools for analyzing and interpreting complex
patterns has significantly improved our understanding of the composition and functions of complex
microbial populations (Pan and Barrangou 2020).

Considering the microbiome's impact on food product characteristics, the review aimed to
present an overview of the microbial groups in different fermented food products, highlighting the

advantages and main obstacles of the modern -omics approach to assessing the food microbiome.
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2. Methods

PubMed and Scopus databases were searched for English-language articles published
between 2014 and 2024, using keyword combinations as the search strategy. Keywords included
“food microbiota,” “food microbiome,” “fermented foods,” ‘“fermented beverages,” ‘“dairy
products,” “Asian foods,” and “omics." A total of 94 articles were selected from this search. This
review was limited to searching for original articles that evaluated the microbiota of different
fermented food products using an -omics approach. Different studies were included, approaching
(1) the profile of the microbial communities of different foods, (ii) the factors that impact the food
microbiota, and (ii1) the correlations between microbial communities with physicochemical and
sensorial properties. Original articles that used only cultivation-based methods were excluded.

The studies were divided into fermented beverages, dairy products, Asian foods, and other
foods (fermented foods with few studies in the microbiota area). Methodological aspects regarding
the omics techniques, platforms, primers, quality control tests, and databases used, as well as the
advantages and main obstacles of the modern omics approach to evaluating the food microbiome,
were described. Additionally, the dominant bacteria and fungi in various foods, along with their

relationships to food characteristics, were presented and discussed.

3. Microbiota of different food products
3.1 Fermented beverages

Humans have consumed fermented beverages for millennia. In the past, numerous regions
across Asia, South America, Europe, and the Middle East have fermented cereals and other
substrates to produce beverages with purported health benefits and preservation (Marsh et al., 2014).
There is evidence from archaeological findings of beer and wine fermentation dating back 5,000
years B.C. (Ross et al., 2002). Meanwhile, honey- and fruit-based beverages in China date back to
7,000 B.C., and kombucha production is believed to have originated approximately 220 B.C.

(McGovern et al., 2004; Dufresne and Farnworth, 2000).
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The presence of microorganisms is crucial in the fermentation process, as it promotes
compositional changes in fermented foods and influences their nutritional and sensory profiles (Bao
et al., 2019). Microbial community composition varies depending on the process and food matrix.
Traditional fermentation often occurs spontaneously under uncontrolled conditions. This
spontaneous fermentation process involves a variety of microbial species, including bacteria, fungi,
and/or yeasts, which contribute to the sensory characteristics typically associated with the product
(Cuvas-Limon et al. 2021).

Several fermented beverages have been traditionally produced in specific geographical
regions, acquiring distinct characteristics due to the unique microbiome present in each region.
These microbial species are indigenous to the raw materials and play a crucial role in determining
the product's distinctive sensory profile (Cuvas-Limon et al., 2021; Smid and Kleerebezen, 2014).
Delgado-Ospina et al. (2022) reported that the uniformity of parameters (i.e., environmental and
processing conditions and substrates) would lead to a resultant similarity of microbial communities
and, thus, products exhibiting comparable properties.

Table 1 presents studies investigating microbial communities using omics techniques for
various fermented beverages. A distinct pattern was observed between the bacterial and fungal
microbiota. A consistent predominance of phyla Bacillota (formerly Firmicutes) and
Pseudomonadota (formerly Proteobacteria) is reported, mainly among beverages fermented with
bacteria that produce lactic and acetic acids. These microorganisms are responsible for several
physicochemical changes, including the fermentation of carbohydrates, which results in a reduction
in pH and the production of antimicrobial substances, thereby creating an environment unfavorable
for pathogens (Cuvas-Limon et al., 2021).

Figure 1 illustrates the fermented beverages and their primary microbial composition at the
genus level. Lactobacillus and amended genera were observed in most beverages, which, according
to Cuvas-Limon et al. (2021), are the most frequently isolated lactic acid bacteria (LAB) from
naturally fermented foods. This is of special importance, considering that many of the identified
strains have been reported as probiotic cultures, such as Lactobacillus paracasei,

Lactiplantibacillus plantarum, Limosilactobacillus fermentum, and Limosilactobacillus reuteri



48
(Patel et al., 2022; Delgado-Ospina et al., 2022). These results underscore the importance of these
beverages as potential sources of probiotic strains for functional foods and highlight the need for
further studies in this area.

Figure 2 presents the main factors influencing the microbiota composition of food products,
which will be discussed throughout this review paper. LAB are also responsible for producing
organic acids in palm wine (Djeni et al. 2022). These acids are the principal agents responsible for
the wine’s sour taste, aroma, color, and consistency. In the context of consortia comprising other
genera, Lactobacillus, Leuconostoc, and Lactococcus have been identified as key contributors to
the synthesis of volatile compounds, including isoamy] acetate, decanoic acid, and citronellol. These
compounds have been shown to play a significant role in imparting the distinctive aroma of
Marselan grape wine, thereby enhancing its concentration and complexity (Lu et al., 2020a). As
Djeni et al. (2022) also noted, LAB, acetic acid bacteria (AAB), Acetobacter, and Gluconobacter
have been identified as the responsible microorganisms for producing the 'vinegary' flavor in Tody.

In the context of yeast in fermented beverages, the Ascomycota phylum is the most
prevalent, followed by the Basidiomycota (Table 1). Yeasts produce organic acids and alcohol,
which contribute to the aroma, flavor, and texture of the food products (Maicas 2020).

In the domain of spontaneous fermentation, yeasts have been identified as the indigenous
microorganisms that initiate the fermentation process of various beverages, including kombucha
and boza (Cuvas-Limon et al. 2021). Moreover, they are employed as starter cultures for the
alcoholic fermentation process, with Saccharomyces cerevisiae being a prominent strain due to its
ability to tolerate ethanol and high fermentation rate (De la Torre-Gonzalez et al. 2016) (Figure 1).
This species contributes to floral and licorice aromas in water kefir (Patel et al., 2022), flavor
development in Fangxian huangjiu (Gao et al., 2024), and aroma in palm wine and Tody (Djeni et
al., 2022; Das and Tamang, 2023) (Figure 2).

There is growing recognition of the role of non-Saccharomyces yeasts in the development
of flavor. These organisms have been shown to produce extracellular enzymes aroma precursors,
and to increase alcohol concentration. They are also associated with the production of esters that

contribute to fruit-like aromas. For example, a correlation has been identified between the genus
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Brettanomyces and the presence of citrus attributes in water kefir (Patel et al., 2022). In contrast,
Rhizopus, Mucor, Wickerhamomyces, and Cyberlindnera have been reported to contribute to the
flavor of Fangxian huangjiu (Gao et al., 2024).

Figure 3 illustrates the primary factors that influence the microbiota composition of food
products. The dominance of a particular genus and/or species of microorganism can change
throughout the beverage fermentation process. In Fangxian huangjiu, Rhizopus was prevalent
during the pre-fermentation stage, with a subsequent decrease as the process progressed. In contrast,
Saccharomyces, Wickerhamomyces, Thamnidium, Ascoidea, and Cyberlindnera, which initially
exhibited lower levels, demonstrated higher levels after fermentation (Gao et al. 2024). A similar
phenomenon is observed in the research of Kirchmayr et al. (2024), which discusses the changes in
the prevalence of bacteria in Mezcal. Initially, Rhodospirillales were more abundant, but at the end
of the process, there was a shift towards Lactobacillales. These studies show that the fermentation
process can facilitate growth and/or inhibit the multiplication of certain microorganisms through
various mechanisms, including competition for substrates, the production of metabolites and
bacteriocins (e.g., nisin), physicochemical factors, and others (Gao et al. 2024; Gutiérrez-Sarmiento
etal. 2022; Cuvas-Limon et al. 2021). They also highlight that changing the fermentation conditions
may result in beverages with different microbiota and specific microorganisms can be shaped. These
changes may produce beverages with different physicochemical and sensory characteristics,
creating opportunities to customize these parameters.

Chinese rice wine, another traditional alcoholic beverage, has a bacterial microbiota
consisting of Bacillota, Pseudomonadota, and Actinobacteria phyla. Bacillus and Weissella
dominate in Fagopyrum tataricum rice wine (Ren et al. 2019), while Leuconostoc and Pediococcus
dominate in the black glutinous rice wine type (Zhao et al. 2020). As occurred in the fermentation
process of Baijiu liquors, Lactobacillus was the dominant bacterium at the end of the process (Liu
et al. 2019a; Zhao et al. 2020) and contributes to the aroma of Baijiu liquor (Tan et al. 2019) and
carbohydrate metabolism (Huang et al. 2020).

As for the fungal microbiota, the two products presented different profiles, with

unclasstied O Saccharomycetales in the F tataricum rice wine (Ren et al. 2019) and
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Mucoromycota and Ascomycota in the black glutinous rice wine type (Zhao et al. 2020). The
predominant genera (Rhizopus and Saccharomyces) in black glutinous rice wine (Zhao et al., 2020)
appear to be associated with the raw material used in the fermentation process (Chen et al., 2020).
Therefore, even when considering the same product type, the raw material has a significant
influence on the microbiota of the final products.

A limited number of studies in the present review discuss the presence of potential
pathogenic microorganisms within the microbiome. Escherichia coli was reported in kombucha
samples (Yang et al. 2022), a low occurrence of Enterobacteriaceae was reported in Palm wine
samples (Djeni et al. 2022), and Fusarium oxysporus was detected in Champus sample (Delgado-
Ospina et al. 2022). The presence of LAB in beverages is important due to their capacity to inhibit
the growth of pathogenic bacteria through the production of fungicidal and bactericidal compounds,
as well as acids that reduce the pH level, thereby ensuring food safety (Pérez-Armendariz et al.,
2020). Djeni et al. (2020) discuss the low occurrence of Enterobacteriaceae in palm wine samples,
proposing that this low prevalence may be attributed to the production of polysaccharides with
inhibitory effects on these bacteria, which have pathogenic potential, even in the context of poor
hygienic conditions. In addition, Patel et al. (2022) posit that, in certain instances, diversity has been
underestimated due to the presence of unidentified yeasts that have not been analyzed. This
observation underscores the importance of employing a combination of both culture-dependent and
culture-independent techniques to assess the intricate microbial community within specific food

products.

3.2 Dairy products

Among fermented foods, dairy products are essential food matrices from both a nutritional
and functional perspective and are recommended in the regular diet of consumers of all ages
(Ribeiro et al., 2022). Dairy consumption may be an accessible and cost-effective intervention
strategy to improve gut health, as several compounds found in dairy foods have shown promise in

favorably modulating the gut microbiome and immune function. Fermented dairy foods likely offer
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additional benefits for brain health due to the neuroprotective effects of live and active cultures on
the gut microbiome and the gut-brain axis (Comerford et al., 2024).

The microbiota of dairy products is highly diverse, and its characterization can provide
valuable insights into various aspects of the product, including sensory properties, nutritional
composition, shelf life, and safety. Thus, understanding the impact of microbial communities on
these aspects is crucial to increasing the quality of the product (Jonnala et al. 2018).

Table 2 presents studies investigating microbial communities using omics techniques for
various dairy products. The predominance of the phylum Pseudomonadota was observed in Minas
Frescal cheese, followed by the phyla Bacillota and Bacteroidetes (de Paula et al. 2021). Other
groups, such as Pseudomonas, Acinetobacter, and Escherichia-Shigella, were also present in most
cheeses. They can be associated with contaminated samples once these bacteria are recognized as
primary food spoilage and undesirable microorganisms in food processing environments (Arslan et
al., 2011; Stellato et al., 2015). The predominance and persistence of Pseudomonas and
Acinetobacter are likely due to their ability to grow at low temperatures, form biofilms, have low
growth requirements, and exhibit metabolic versatility (Meretre and Langsrud 2017; Quintieri et al.
2019).

In addition, the occurrence of Escherichia-Shigella in the evaluated cheeses indicates a high
association with common post-pasteurization contaminants and has also been linked to raw milk
and food handlers in the dairy processing plant (Carvalho et al. 2014; Freitas et al. 2013). Thermal
processing in the dairy production chain is recommended for ensuring microbiological safety, as it
helps avoid endogenous contamination of food with potentially pathogenic bacteria and reduces
bacterial load (de Paula et al., 2021). To ensure the safety of pasteurized milk, on the other hand,
adequate pasteurization and prevention of post-pasteurization contamination are crucial.

At the family level, Enterobacteriaceae showed greater abundance, and their presence in
dairy products generally indicates direct or indirect fecal contamination of the milk or product
during the manufacturing process, and therefore, has been associated with poor hygiene conditions
(Haddad and Yamani, 2017; Meretre and Langsrud, 2017). Some Enterobacteriaceae also produce

lipolytic and proteolytic enzymes that can adversely affect the sensory characteristics of cheese,
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with gas-producing strains being linked to texture and flavor defects (de Paula et al. 2021). These
bacteria are highly related to the phenomenon of antimicrobial resistance and can become available
through food consumption, representing an additional risk factor for consumers (Verraes et al.
2013). The results with Minas Frescal cheese demonstrate the applicability of omics in detecting
potential spoilage and pathogenic microorganisms, and these data can be used to improve food
quality and safety.

Omics analyses may also contribute to understanding the impact of microbiota on the
physicochemical and sensory properties of dairy products. Figure 4 summarizes the main microbial
composition, considering the genus level of dairy products. Several microorganisms have been
identified in dairy products, mainly Lactococcus (Jin et al. 2018; Nero et al. 2021; Dimov et al.,
2022, 2023; Gezginc et al. 2022), Streptococcus (Nero et al. 2021; Dimov et al. 2023; Golbasi et al.
2023), Lactobacillus and amended genera (Dimov et al. 2023; Golbasi et al. 2023), Staphylococcus
(Dimov et al. 2023), and Enterococcus (Dimov et al. 2023).

It is known that raw milk cheese and other dairy products are primarily composed of
Lactococcus spp. (McSweeney et al. 2000; O'Sullivan et al. 2000; Fernandez et al. 2011; Jin et al.
2018), mainly Lactococcus lactis, Lactococcus raffinolactis, and Lactococcus garviaea. They are
used in the cheese industry as a starter in fermentation, primarily when pasteurized milk is used to
make commercial cheeses. Some advantages of its application during cheese production include the
rapid production of acid, the acidification through the output of flavor-developing compounds, the
contribution to proteolysis, the conversion of amino acids into flavor compounds (alcohols, ketones,
and aldehydes), and citrate utilization and/or fat metabolism (Quigley et al. 2013, Fernandez et al.
2010). They may also inhibit pathogens and spoilage agents, and due to the assimilation of melibiose
and raffinose, some authors recognize probiotic properties (Gezginc et al. 2022; Dimov et al. 2023).
Lactococcus raffinolactis ferments lactose and citrate to lactate, formate, acetate, ethanol, and
acetoin. Flavor compounds, such as acetoin, have been reported in dairy products and are of interest
due to their sensory properties, being responsible for notes of a fermented, buttery flavor (Kimoto-

Nira et al., 2012).
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Streptococcus, primarily represented by Streptococcus thermophilus and Streptococcus
parauberis, contributes to the final product through acidification, the production of aromatic and
volatile compounds, and the synthesis of exopolysaccharides (EPS), which influence rheological
properties (Dimov et al., 2023). The EPS produced by S. thermophilus exhibits certain probiotic
functions and may play a significant role in enhancing the characteristics of fermented dairy
products (Xu et al., 2023). S. parauberis is widely used as a starter culture due to its ability to rapidly
transform lactose to lactate, facilitating a rapid decrease in pH and the production of essential
metabolites, including low levels of formate, acetoin, diacetyl, acetaldehyde, and acetate (Santarelli
et al. 2008). At the same time, S. thermophilus is recognized as the most important microorganism
in the dairy industry, improves the ecological environment for lactic acid fermentation, and
beneficially reduces cholesterol levels by inhibiting the activity of cholesterol synthase (Mora and
Arioli 2014).

In addition, Lactobacillus and amended genera contribute to cheese maturation by acidifying
and degrading milk proteins. The presence of Lactobacillus kefiranofaciens and Lactiplantibacillus
xiangfangensis makes the product a candidate for functional food, and L. plantarum has a beneficial
effect on the sensorial characteristics, proteolytic and lipolytic activities, and durability of the
product (Gezginc et al., 2022; Dimov et al., 2023).

Furthermore, coagulase-negative Staphylococcus equorum plays a crucial role in
determining sensory properties due to its proteolytic and lipolytic activities, as well as the
production of volatile substances, which distinguishes cheeses containing this microorganism from
other similar products (Dimov et al. 2023). Finally, Enterococcus, primarily Enterococcus faecalis
and Enterococcus italicus, may contribute to aroma, texture, and flavor or generate bioactive
peptides (Dimov et al., 2023).

The literature demonstrates that the production region and cheese type can impact the
microbiota of the products (Jin et al., 2018; Kamimura et al., 2019) (Figure 3). In a study of artisanal
Brazilian cheeses, differences in the LAB patterns were highlighted, with Streptococcus,
Leuconostoc, Lactococcus, and Lactobacillus being combined in varying relative abundances

according to product type and region of production (Kamimura et al., 2019). At the same time,
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marked differences in the structure of the microbiota communities in the cheese dataset from three
regions were reported for traditional Buryatian cottage cheese (Jin et al., 2018). These results
demonstrate the importance of establishing defined areas for specific products, as the microbiota
influences the sensory and physicochemical characteristics of the final products. Furthermore, they
may help develop typical microbial signatures for artisanal cheeses, contributing to authentication

validation.

3.3 Asian fermented foods

Fermented Asian foods include a large variety of products. Table 3 shows the studies
investigating microbial communities using omics techniques for fermented Asian foods. At the
same time, Figure 5 summarizes the main microbial composition, considering the genus level of
Asian foods.

The studies reported a predominance of Lactobacillus (Tan et al. 2019; Huang et al. 2020;
Guan et al. 2020a; Zhang et al. 2021c), Pichia (Huang et al. 2020), Saccharomyces (Huang et al.
2020; Zhang et al. 2021c), Staphylococcus (Guan et al. 2020a), Acetobacter (Guan et al. 2020a),
Weisella (Guan et al. 2020a), Pediococcus (Guan et al. 2020a), Bacillus (Guan et al. 2020a), among
others. Changes in the microbiota composition can be observed in response to alterations in cereal
composition (Tan et al., 2019), fermentation stage (Tan et al., 2019; Huang et al., 2020; Guan et al.,
2020a), and initial temperature (Zhang et al., 2021c) (Figure 3). These results denote the importance
of controlling the ingredients used and the fermentation process to produce products with specific
microbiota and desirable sensory and physicochemical properties.

Daqu is a saccharifying and fermenting starter derived from the natural fermentation of
wheat, barley, and peas through shaping, fermentation, and ripening. It contains various
microorganisms, including mold, yeast, and bacteria (Deng et al., 2020; Wang et al., 2021).
Different sensory characteristics are obtained by different temperatures in the fermentation process,
resulting in white, red, yellow, and black Daqu. The various temperatures do not appear to affect
the genera of microorganisms found in the ingredient, with Kroppenstedtia, Bacillus, and

Saccharopolyspora being the most frequently reported (Zhang et al. 2021b; Cai et al. 2021a; Wang
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et al. 2021; Deng et al. 2020). However, each type of Daqu presents a distinct profile regarding the
distribution of these genera, with Saccharopolyspora and Thermomyces being predominant in black
and red Daqu, respectively (Wang et al. 2021; Deng et al. 2020). Daqu appears to also be an essential
contributor of the Aspergillus genus to the fermentative process of Baiju liquor (Jiao et al. 2022),
while fermented grains seem to be an important contributor of Thermoascus, Kazachstania and
Pichia (Jiao et al. 2022; Huang et al. 2020; Guan et al. 2020a; Pang et al. 2020; Wang et al. 2021;
Zhang et al. 2021b). Therefore, temperature is a crucial parameter to be controlled, resulting in
products with distinct microbiota. Furthermore, all ingredients used may contribute to a specific
microbiota, and verifying the compatibility and shape of the microbiota is important.

Although Lactobacillus was not an abundant genus in Daqu, it was present in pit mud
(regardless of the grain types), and its abundance increased throughout the fermentation process
(Zhang et al., 2021b; Guan et al., 2020a; Huang et al., 2020; Zhang et al., 2021c). It is important to
highlight that this fermentation process is natural, and, as it progresses, new baths are made, a new
pit mud is formed as a precipitate from the fermentation, and the impact of the microbiota (mainly
consisting of five genera, Lactobacillus, Saccharomyces, Pichia, Geotrichum, and Candida) of this
mixture has been studied for its impact on the sensory characteristics of the liquor. This way, it is
possible to modify the sensory attributes of the products by shaping specific microorganisms from
specific raw materials (Wang et al. 2019). For example, yeasts, such as Saccharomyces cerevisiae,
are essential for fermentation, contributing to the development of characteristic aromas and the
overall mouthfeel of the product. Variations in the microbial community, driven by environmental
factors such as pH, temperature, and flour type, can lead to differences in these sensory properties
(Egea et al., 2023; von Gastrow et al., 2023).

Bread is widely consumed worldwide, and those using natural fermentation (such as
sourdough as a leaven) have more complex and appreciated sensory characteristics (Egea et al.,
2023). Sourdough is a naturally fermented mixture of flour and water in bread-making. The unique
characteristics of sourdough bread are attributed to the activities of LAB and yeasts, although the
full origins of this microbial community are still not completely understood (Fraberger et al. 2020;

von Gastrow et al. 2023). LAB is a group of bacteria crucial in sourdough due to its proteolytic
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activity and capacity to form volatile compounds (responsible for the characteristic aroma of the
product), as well as antibacterial and antifungal compounds (Aregbe et al. 2019). In sourdough,
LAB, such as Lactobacillus species, contribute to the production of organic acids and volatile
compounds, thereby enhancing the bread's flavor profile and texture (Egea et al., 2023; von Gastrow
etal., 2023).

Among the species of LAB, a wide variety is part of sourdough: Fructilactobacillus
sanfranciscensis, W. cibaria, L. fermentum, L. plantarum, Limosilactobacillus pontis, and
Companilactobacillus paralimentarius (Yan et al. 2019), and Levilactobacillus brevis and Weissella
confusion species (Zhao et al. 2019). W. cibaria and L. plantarum have good resistance towards
drying and can survive the jiaozi process. Furthermore, W. cibaria utilizes a higher concentration
of monosaccharides as its primary substrate than maltose, the preferred substrate of other
Lactobacillus (LAB) species (Yan et al. 2019). L. brevis and W. confuse are species that produce
EPS and acid and are, therefore, major contributors to sourdough's texture and flavor/aroma,
respectively (Aregbe et al., 2019), which impact the dough's structure and mouthfeel. Additionally,
the acidification process, led by LAB (Sun et al. 2023), contributes to the characteristic tangy flavor,
a defining feature of sourdough products (Chavan and Chavan 2011).

Unsurprisingly, Saccharomyces was the most important genus in sourdough, with S.
cerevisiae being the most frequently reported species (Yan et al., 2019; Zhao et al., 2019; Sun et al.,
2023). Other genera such as Alternaria and Nothophoma (considered plant pathogens) and Mucor,
Aspergillus, and Thermoascus (common indoor and outdoor molds) may be present due to
contamination of flour or dough through contact with other parts of the plant or during the
manufacturing process (Sun et al. 2023; Yan et al. 2019; Aregbe et al. 2019). Therefore, omics
techniques may allow us to identify desired and undesired microorganisms and their potential
sources. These unwanted microorganisms, such as molds or plant pathogens, can jeopardize food
safety by introducing mycotoxins or pathogens into the product, emphasizing the importance of
microbiological control during fermentation to ensure the bread's safety and quality. Variations in
the sourdough environment, such as pH, flour composition, or fermentation time, may influence the

microbial community structure (Urien et al. 2019). Several studies indicate that the microbiota of
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the bakery environment is the primary driver of sourdough microbial diversity (von Gastrow et al.,
2023).

Chinese steamed bread (based on wheat or potato flour) and jiaozi (based on mixtures of
wheat, corn, and rice flour, among others) are traditional products that are produced from the natural
fermentation of a dough starter resulting in a product with characteristic texture, flavor and
nutritional value (Yan et al. 2019). Regardless of the raw material or the sourdough manufacturing
process, Lactobacillus and amended genera and Weissella were the present genus in all cases (Sun
et al. 2023; Yan et al. 2019; Zhao et al. 2019; Aregbe et al. 2019) while Pediococcus genus was only
present in millet sourdough (Sun et al. 2023) and potato (Zhao et al. 2019). Weissella metabolites,
as well as metabolites from other beneficial microorganisms, present in fermentation, not only play
arole in flavor development but also help preserve the product by lowering the pH and creating an
environment that inhibits the growth of spoilage microorganisms (Lu et al. 2020b; Fessard and
Remize 2017).

At the same time, a study on chia sourdough demonstrated increased Lactobacillus diversity
during fermentation, with E. faecium, E. mundtii, W. cibaria, and L. rhamnosus emerging as
dominant species in the final stages of propagation (Maidana et al. 2020). These studies demonstrate
that processing conditions may also alter the microbiota, increasing the abundance of those with the
ability to survive drastic conditions, such as drying.

Chilli peppers follow the same pattern as other products during fermentation, demonstrating
genera (Rosenbergiella, Ralstonia, and Chromohalobacter for bacteria and Alternaria, and
Stemphylium, Cryptococcus for fungi) and species most related to the contribution of the raw
material to spontaneous fermentation at the beginning of fermentation.

At this stage, the initial composition of the microbial community is heavily influenced by
the raw material, which contributes to the early development of flavor and aroma precursors through
the production of volatile compounds, such as esters and alcohols, by fungi like Cryptococcus and
Alternaria (Xu et al., 2021a). At the end of the fermentation process, it was possible to identify
genera (Pantoea, Lactobacillus, Curtobacterium, Methylobacterium, and Sodalis for bacteria and

Hyphopichia, Kodamaea, and Meyerozyma for fungi) and species (L. brevis, Companilactobacillus
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alimentarius, Companilactobacillus versmoldensis, Levilactobacillus namurensis, and C.
paralimentarius) more related to tolerance to low pH (due to the production of acids by
microorganisms), anaerobiosis, among other conditions (Cai et al. 2021b; Xu et al. 2021a; Ye et al.
2022). As fermentation progresses, the microbial community shifts to include species that contribute
to the characteristic sourness and depth of flavor of fermented chili peppers. Lactobacillus and
related genera are particularly significant, as they are responsible for lactic acid production, which
lowers the pH, creating the acidic environment needed for the preservation of the product while also
enhancing the flavor profile by producing compounds like lactic acid, acetic acid, and other organic
acids (Ye et al. 2022).

In this sense, Lactobacillus and other amended genera, for example, occur due to increased
oxygen consumption and acid production (Ye et al. 2022), while Meyerozyma, Methylobacterium,
Alternaria, and Debaryomyces have been associated with the production of important compounds
contributing to the aroma of these products (Xu et al. 2021a). These microbial species play a pivotal
role in developing the sensory characteristics of chili peppers. For instance, yeasts like Meyerozyma
and Methylobacterium contribute to the production of aromatic compounds, including esters,
alcohols, alkenes, a benzene derivative, ketones, piperidine, and phenols, thereby enhancing the
overall flavor complexity. At the same time, Lactobacillus species help refine the sour and tangy
notes (Xu et al. 2021a).

In addition, the Staphylococcus genus was the only genus that appeared in both unfermented
and fermented chili pepper samples. Staphylococcus, while commonly present in the initial stages
of fermentation, is a genus that can present safety concerns due to its potential to carry pathogenic
strains. The presence of such bacteria in both unfermented and fermented samples emphasizes the
importance of carefully controlling fermentation conditions, as the development of harmful
microorganisms could jeopardize the safety of the final product. Therefore, regular microbiota
monitoring through advanced techniques, such as omics, is crucial for ensuring the microbial quality
and safety of fermented chili peppers (Cai et al. 2021b). These studies demonstrate the importance
of food characteristics in the selection of some specific microbiota, such as pH and anaerobiosis,

influencing the sensory attributes of the final product but also determining its safety by inhibiting
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the growth of spoilage or pathogenic microorganisms, ensuring a product that is both flavorful and
safe for consumption (Cai et al. 2021b; Xu et al. 2021a; Ye et al. 2022).

Comparing fermented soy products (sauce, paste, and curd), Bacillus, Weissella, and
Staphylococcus genera of bacteria were the most reported (Feng et al. 2023; Liu et al. 2021b; Chun
et al. 2020; Xie et al. 2019, 2020; Chen et al. 2019a; Kumar et al. 2019), while for fungus Candida
and Aspergillus genera were the most reported (Feng et al. 2023; Chun et al. 2020; Xie et al. 2019;
He and Chung 2020). Among the species within the genus Bacillus sp. that appear to contribute to
the fermentative process, B. subtilis, B. amyloliquefaciens, B. licheniformis, and B. cereus species
have been reported for Kinema, a traditional fermented soybean consumed in the Sikkim Himalaya
(India) (Kumar et al. 2019). These microbial communities play a significant role in shaping the
sensory characteristics of fermented soy products. Bacillus species, such as B. subtilis and B.
amyloliquefaciens, are involved in the production of amino acids, peptides, and other flavor
precursors that contribute to the umami taste and other complex flavors characteristic of fermented
soy products (Kumar et al., 2019). The Weissella genus produces organic acids that contribute to
the flavor of fermented soy products (Feng et al., 2023; Liu et al., 2021b; Chun et al., 2020; Xie et
al., 2020; He and Chung, 2020). In addition to organic acids, Weissella species also contribute to
the formation of other metabolites, such as aldehydes and esters, which enhance the aroma profile
and overall sensory experience (Feng et al., 2023; Xie et al., 2020).

While Bacillus species contribute significantly to flavor development (previously reported),
their presence also raises safety concerns. Some species, such as B. cereus, are known to produce
toxins that pose a potential health risk if not adequately controlled during fermentation (Kumar et
al. 2019). The ability of Bacillus species to make these harmful toxins underscores the importance
of strict monitoring during the fermentation process to ensure the safety of the final product.

Doubanjiang is a traditional and savory Chinese bean chili paste made from fermented broad
beans, chili peppers, soybeans, salt, and flour (Lu et al. 2020b). The fermentation process involves
three stages, the first being a natural fermentation of the mixture of beans, wheat flour, salt, and
Aspergillus oryzae for 2-3 months; the second is the preparation of chili peppers from red peppers;

and finally, the two fermented substances are mixed and subjected to open fermentation with stirring
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for up to 36 months (Yanget al. 2021a). Doubanjiang's long and complex fermentation process is
key to developing its unique flavor profile. The initial stages are dominated by fungal species, such
as Aspergillus oryzae, which contribute to the breakdown of starches and proteins, producing amino
acids, peptides, and other compounds that enhance the savory umami and umami-like flavors typical
of the paste. This microbial activity also generates other flavor precursors, such as aldehydes and
esters, which are further developed during the later stages of fermentation (Yang et al. 2021a; Lu et
al. 2020b).

Some studies have sought to characterize the microbiota responsible for the characteristic
flavor of the product, highlighting the predominance of species from the genera Bacillus and
Staphylococcus in the most advanced stages of fermentation (Lu et al., 2020b; Yang et al., 2021b).
These bacteria produce lactic acid and other organic acids, which contribute to the characteristic
acidity and complexity of the sensory profile. In addition, Bacillus participates in the degradation
of plant materials, promoting improvements in the texture and consistency of the paste, as well as
in the fermentation of proteins and lipids, resulting in compounds that influence aroma and flavor
(Liu et al. 2024). Staphylococcus species, on the other hand, play a role in the formation of aromatic
compounds, such as aldehydes and alcohols, which enrich the sensory complexity of products like
Doubanjiang (Zhang et al. 2020).

Pathogenic microorganisms such as some species of Klebsiella, Cronobacter, and
Acinetobacter genera also appear in fermented potato (Aregbe et al. 2019), fermented soy sauce and
paste (Liu et al. 2021; Xie et al. 2019), and fermented bean paste (Yanget al. 2021b). The presence
of these pathogenic bacteria highlights a critical safety concern in the fermentation process. Even
though the long fermentation period may inhibit some harmful microbes, these pathogens can
survive under certain conditions, potentially compromising the product’s safety. This risk highlights
the importance of utilizing modern microbiological monitoring methods, including omics
techniques, to ensure that pathogenic species are effectively controlled and that the product meets
food safety standards (Lu et al., 2020b). Most studies did not report the species of microorganisms.

However, Acinetobacter Iwoffii has been reported in fermented soybean paste (Xie et al., 2020).
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Additionally, Enterococcus faecalis from the Enterococcus genus was found in some studies
of fermented products, such as Daqu (Chen et al., 2021) and fermented soybean paste (Xie et al.,
2020; Kumar et al., 2019). This microorganism typically lives in the gastrointestinal tract and can
also be found in the oral cavity and vaginal tract (Dieterich et al., 2018). Therefore, it is a
microorganism typically used in the food industry to indicate hygiene conditions (Boehm and
Sassoubre 2014). Although E. faecalis is usually not harmful to the human body, commensal
bacteria found in healthy individuals can be utilized as a probiotic (Oruc et al., 2021).

Fermented aquatic products are common in Southeast Asia and Northern Europe. They are
typically produced from fish, shrimp, and crabs and fermented for a specified period in a suitable
environment after adding salt, glutinous rice, spices, or other ingredients (Aarti et al., 2017; Han et
al., 2020; Prihanto et al., 2021). The process relies on spontaneous fermentation, driven by
microorganisms derived from raw materials and the environment (Ohshima et al., 2019). These
microbial communities are essential to the development of sensory characteristics—such as umami,
sourness, aroma, and texture—via the production of organic acids, amino acids, and volatile
compounds. Therefore, monitoring microbial composition and behavior is crucial for improving
both flavor and safety in fermented foods (Wang et al., 2021a).

Chinese fish sauce is produced using a mixture of fish by-products and a large proportion of
sea salt as the primary raw materials and is fermented naturally for 15 months. Shewanella
dominates the early stages, followed by Halanaerobium and, finally, Tetragenococcus (Du et al.
2019). In Thai fish sauce, Halomonas sp. predominates early, succeeded by Lentibacillus and
Tetragenococcus, likely due to its natural occurrence in saline environments (Ohshima et al. 2019).
Shewanella contributes to umami by breaking down proteins into peptides and amino acids. As
fermentation progresses, halotolerant bacteria such as Halanaerobium and Tetragenococcus thrive,
contributing to the complex final flavor and texture while ensuring product safety.

Salinity is a crucial factor in shaping the microbial community, enhancing safety by
inhibiting the growth of pathogens. However, some salt-tolerant pathogens may persist,
necessitating close monitoring of the microbiota. Phewpan et al. (2019) identified Tetragenococcus

spp., Staphylococcus spp., and Lactobacillus spp. as dominant genera in Thai fermented freshwater
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fish (Pla-Ra). Tetragenococcus spp., halophilic lactic acid bacteria, are key organisms in soy- and
seafood-based ferments (Kim et al. 2009; Ohshima et al. 2019). Staphylococcus spp. occurs
commonly in fermented meats and seafood and is not typically hazardous (Sendergaard and Stahnke
2002). Lactobacillus spp. contributes to flavor through glutamate dehydrogenase activity (Tanous
et al. 2002). Still, microbial diversity can vary depending on the ingredients, methods, and
fermentation duration.

Sirichoat et al. (2022) confirmed the presence of Tetragenococcus, Staphylococcus, and
Lactobacillus in Pla-ra but linked different odor intensities to variations in microbiota:
Tetragenococcus was associated with both weak and strong odor groups, while Virgibacillus and
Lentibacillus were more abundant in moderate and strong odor groups, respectively. Additionally,
Brevibacterium, Brachybacterium, Chromohalobacter, and Terribacillus were linked to specific
aroma profiles, underlining microbiota's role in flavor.

A study on Chinese fermented tangerine fish (Siniperca chuatsi) found Fusobacteria to be
prevalent in the ventral muscle and Pseudomonadota in the dorsal muscle (Shen et al., 2021).
Pseudomonadota degrades organic molecules, contributing to nutrient cycling (Zhao and Eun
2020). Acidaminococcus, involved in amino acid metabolism, was dominant in the samples but had
not been detected in previous studies, possibly due to differences in raw materials (Iglesias-Iglesias
et al. 2019; Ji et al. 2017). This reinforces how fish anatomy and environment shape microbial
profiles, highlighting the value of -omics tools in detecting novel taxa.

Other traditional fermented foods include Sichuan, Cantonese, and Harbin-style Chinese
sausages (Wang et al., 2019; Wang et al., 2021b; Chen et al., 2019b). These products are rich in
Staphylococcus spp. and Lactobacillus spp., which contribute to their fermentation properties
(Wang et al. 2018). In Sichuan sausages, Wang et al. (2019) identified Lactobacillus, Weissella, and
Pediococcus as core microbiota species. Weissella spp. contribute to flavor and inhibit pathogens
through acid and bacteriocin production, while Lactobacillus and Pediococcus assist in proteolysis
and the release of flavor compounds (Georgieva et al. 2009; Luckow and Delahunty 2004). Similar
microbial dominance was reported in Cantonese sausages, with Pediococcus spp. as the primary

genus in inoculated fermentation (Wang et al. 2021Db).
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Fermented vegetables have long been part of Chinese tradition, dating back over 3,000 years
(Guan et al. 2020b). Today, they’re still made using perishable, seasonal produce through
traditional, uncontrolled methods, where the microbial composition determines product quality
(Caoetal., 2017; Wang et al., 2017).

There are various types of fermented vegetables in the world, especially in China, such as
traditional Chinese pickles (An et al. 2021), Chinese spicy cabbage (Chang et al. 2022), Guangxi
Suansun and Guangxi Suancai (Guan et al. 2020b), Suansun (Guan et al. 2020c¢), Suancai (He et al.
2020; Liang et al. 2020), Idli (Kavitake et al. 2022, Mandhania et al. 2019), Kimchi (Lee et al.
2019), pickled pepper, pickled Brassica napobrassica, tasty wild chive flowers, and pickled
cucumber (Liang et al. 2022), Jiang-shui and Suan-cai (Liu et al. 2019b), homemade paocai and
Chinese spicy cabbage (Liu et al. 2019c¢), pickled radishes (Rao et al. 2020a), and Sichuan pickles
(Rao et al. 2020b).

An et al. (2021) found that Lactobacillus and Weissella are dominant in both homemade
and industrial pickles, both of which are essential to flavor and safety. The presence of Weissella in
preserved foods enhances flavor and ensures food safety by producing acid and alcohol, thereby
inhibiting the growth of pathogenic bacteria (Chen et al., 2020; Fusco et al., 2015). Chang et al.
(2022) observed similar patterns in spicy cabbage, though Pantoea and Pseudomonas also
appeared, possibly due to poor anaerobic conditions in homemade versions (Cao et al. 2017).
Pseudomonas is an aerobic bacteria that can be increased because homemade spicy cabbage
conditions can disturb the fermentation process's anaerobic environment (Cao et al. 2017).

A study on Indian Idli fermentation identified Bacillota and Pseudomonadota as the
dominant bacteria, with Bacillota contributing to acid tolerance and EPS production, including
glucan and dextran (Kavitake et al., 2022). These traits make them suitable for developing starter
cultures. Similarly, Enterococcus, Pediococcus, and Weissella are proposed for enhancing shelf life,
flavor, and nutrition (Steinkraus 2002). He et al. (2020) observed similar bacterial profiles in
fermented plant foods, such as Suancai. Thus, fermented plant products are promising sources of

starter cultures.
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3.4 Other products

Other important products with complex microbiomes include cocoa, coffee, and meat and
fish-cured products (Table 4). Cocoa fermentation is the initial step in the post-harvest processing
of cocoa, a crucial step in producing chocolate. This process occurs naturally and involves a
complex microbial ecosystem formed through cross-feeding relationships among yeasts and
bacteria. The microbial succession begins with yeasts, followed by LAB, and concludes with acetic
acid bacteria (AAB) (Almeida et al., 2020; Verce et al., 2021). Fermentation is essential for
developing the desirable taste, aroma, and color characteristics in fermented seeds and chocolate
products. Enzymes released during the fermentation process can metabolize substrates in cocoa,
producing characteristic aromas. Therefore, understanding the microbial dynamics during
fermentation is crucial for improving both yield and quality (Agyirifo et al., 2019; Almeida et al.,
2020).

The initial populations of the microbial groups involved in cocoa fermentation vary by
location and are influenced by the composition of the fresh pulp and the fermentation practices used
(Papalexandratou et al. 2019). Agyirifo et al. (2019) evaluated the microbial communities of
Ghanaian fermented cocoa and identified a high percentage of bacteria (90.0%), yeast (9%), and
bacteriophages (1%) that originated from the cocoa microbiome. The dominant genera were
Lactobacillus (20%), Gluconacetobacter (9%), Acetobacter (7%), and Gluconobacter (6%).
Microorganisms identified in the study, including L. plantarum, L. fermentum, Gluconobacter
oxydans, and Acetobacter pasteurianus, produce key aromatic compounds, such as diacetyl,
acetoin, butanediol, and phenylacetaldehyde, thus enhancing the aroma and sensory qualities of
fermented foods. Despite the specificity of microbial communities according to cocoa origin, other
studies have also reported the dominance of Lactobacillus and Acetobacter among bacteria and
Saccharomyces among yeasts in fermented cocoa from Nicaragua (Papalexandratou et al., 2019),
Brazil (Almeida et al., 2020), and Costa Rica (Verce et al., 2021).

Coffee is one of the most popular and widely consumed beverages worldwide, renowned for
its rich and complex flavor, as well as its other sensory characteristics. Coffee fermentation occurs

naturally through the breakdown of the mucilage surrounding the coffee beans. During this process,
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the naturally occurring epiphytic microorganisms in the coffee metabolize sugars, producing
compounds such as organic acids, esters, and alcohols, which directly influence the coffee's
characteristics. Thus, understanding the microbial ecology of coffee bean fermentation is crucial for
comprehending how microbial growth and metabolism impact coffee quality and for recognizing
the distinct attributes of coffee produced in various regions (Elhalis et al., 2020; Martins et al.,
2020).

Martins et al. (2020) investigated the influence of different altitudes on the epiphytic
microbiota of Brazilian coffee. They found that the greatest diversity of yeasts was present in natural
and pulped coffee at altitudes of 1000 m and 800 m, respectively, which contributed to the sensory
profiles of aroma and fragrance. Additionally, a study by Elhalis et al. (2020) on Australian coffee
found that according to the results of culture-independent methods, Lactococcus, Leuconostoc,
Gluconobacter, Enterobacter, and Serratia dominated the bacterial community during
fermentation, while the main yeast was Hanseniaspora uvarum. This yeast is associated with the
sensorial characteristics of other fermented products, such as wine and dairy products. It is
recognized for its high enzymatic activities, which lead to the release of aromatic compounds and
an enhanced overall quality of the final product. Many microbial species identified in this study
have been previously reported in the wet fermentation of coffee beans in other parts of the world,
but some yeast species isolated were region-specific. These results corroborate that the diversity of
microorganisms present during coffee processing can vary based on several factors, including fruit
composition, processing method, and regional conditions such as temperature, oxygen levels, and
altitude (Martins et al., 2020).

Fermented meat and fish products are renowned for their distinctive flavor, texture, and
extended shelf life, which is achieved through fermentation aided by microorganisms. Zhong et al.
(2021) investigated the relationship between microbial communities and the flavor profile of
traditional fermented sour meat. They identified Lactobacillus, Weissella, Staphylococcus,
Kodamaea, Hyphopichia, and Yarrowia as the predominant microorganisms, which were closely
linked to changes in most flavor compounds. Furthermore, esters, aldehydes, and alcohols were

identified as the primary contributors to the distinctive flavor of sour meat.
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Regarding the fermented fish, hakarl is produced by curing the Greenland shark (Somniosus
microcephalus). The dominant microorganisms in this product included Tissierella, Pseudomonas,
Oceanobacillus, Abyssivirga, and Lactococcus. Fresh shark meat is toxic due to high levels of
trimethylamine (TMA) or trimethylamine N-oxide (TMAO). Still, the presence of Pseudomonas in
the samples supports the hypothesis that this microorganism might play a role in detoxifying shark
meat by breaking down TMAO or TMA during fermentation (Osimani et al. 2019). Additionally,
Zhang et al. (2021a) investigated a dry-cured fish stored for 30 days at two different temperatures.
They found that Staphylococcus, Macrococcus, and Acinetobacter were the leading genera
throughout the storage period. Staphylococcus is capable of producing enterotoxins, significantly
contributing to meat spoilage, and therefore requires greater attention in terms of food quality and
safety. The study also revealed that refrigeration at 4°C helps maintain microbial diversity, whereas
storage at 25°C leads to the dominance of specific microbiota and a decrease in community
diversity. Therefore, storing, transporting, and selling fermented fish at 4°C is recommended to
extend its shelf life. This study demonstrates that storage conditions have a significant impact on

the microbial composition of food products.

4. Omics techniques in food science

Based on the studies that accessed omics techniques (e.g., metataxonomic, metagenomics,
and metatranscriptomics), it was observed that the majority (88% of the total) performed
metataxonomic sequencing or high-throughput sequencing on different fermented beverages, dairy
products, Asian foods, and other foods. The evaluation of the 16S rRNA gene using the V3-V4
region was prevalent in more than 50 accessed studies (~56% of the total) to evaluate the
composition of bacterial communities (Tables 1-4), followed by V4 and V4-VS5 regions. The 16S
rRNA gene is around 1,500 bp long and has been widely used to identify microbial communities
directly from DNA samples (Winand et al. 2019). This gene encodes the small ribosomal subunit
(16S rRNA), which is organized into highly conserved regions interspersed with nine variable
regions (V-regions), designated V1 to V9 (Abellan-Schneyder et al., 2021; Woese, Kandler, &

Wheelis, 1990).
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Regarding fungal communities, the internal transcribed spacer (ITS) marker gene,
encompassing both ITS1 and ITS2 regions, has been the most preferred in the most accessed studies
(~72%) (Tables 1-4). The ITS region has been commonly used as a target in molecular biology
techniques, and it has the highest probability of being successful in identifying fungi. The ITS region
is 300-1,200 bp long and is located between the small and large subunit (SSU and LSU) rRNA
genes, encompassing two spacers, [TS1 and ITS2, separated by the 5.8S rRNA gene (Schoch et al.,
2012).

Nowadays, the next-generation sequencing (NGS) methods can sequence a maximum of 2
% 300 bp with high accuracy, employing "universal" primers to access one or more variable regions
(Winand et al. 2019). The selection of PCR primers for DNA amplification is a crucial step in 16S
rRNA and ITS gene sequencing, enabling direct access to taxonomic profiles from DNA samples
without the need for cultivation methods.

The universal primer pairs 338F and 806R were used in more than 28 accessed studies
(~30%) to evaluate the 16S rRNA gene, targeting the V3-V4 region (Tables 1-4). Other primer pairs
frequently used in the accessed studies were 515F and 806R, followed by 341F and 805R (10 and
6 studies). Nowadays, primer 338F is extensively used in various types of DNA samples. For
example, it has been used to compare bacterial taxonomic affiliations in food samples, the human
gut, soil, and other samples (Dimitrakopoulou et al., 2021; Kameoka et al., 2021; Zeng and An,
2021). The primer pairs used for ITS, specifically ITS1f and ITS2, were employed in numerous
studies (13 studies) (Tables 1-4). The primer ITS1f was designed in pair with another primer (ITS-
4B) to identify higher fungi and basidiomycetes (Gardes and Bruns 1993). On the other hand, ITS2
was designed with other primers for amplifying many segments of fungi's nuclear and mitochondrial
rDNA genes (nuclear, small, ITS, mitochondrial small, and large) (White et al. 1990). ITS1f and
ITS2 have been combined to amplify the ITS1 region of the fungal rRNA operon. However, many
studies have utilized the entire ITS region or one of its two subregions, ITS1 and ITS2, for DNA
barcoding analyses (Tables 1-4).

There have been discussions about the best fungal markers for sequencing, and the results

from many studies have shown that ITS1 is more variable than ITS2. Some studies have indicated
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that ITS1 is probably the better choice for studying fungal communities (Mbareche et al. 2020;
Wang et al. 2015). On the other hand, ITS2 is shorter than ITS1, thereby reducing amplification
bias; there is a lower chance of secondary structures or mismatches during amplification, which
consequently results in greater consistency (Yang et al. 2018). Regardless of the chosen region, the
taxonomic classification of ITS sequence is notoriously difficult and still more challenging in
environmental samples due to their length heterogeneity. When compared to the bacterial 16S rRNA
gene, some regions of this gene (for example, V4) are typically around 250 bp; on the other hand,
the rRNA internal spacer region 2 (ITS2) can range from ~50 to 800 bp (Kyle and Klassen, 2024).
In addition, bioinformatic pipelines and parameters have been extensively tested for the 16S gene;
however, with an increase in the length of read sequencing and reduced costs, improvements in ITS
taxonomic classification are expected.

Most of the studies used the Illumina platform for sequencing (HiSeq NovaSeq6000
platform, MiSeq, HiSeq 2500, NextSeq 500, and others) (Tables 1-4). Regarding bioinformatics
analysis, it was observed that the quality control analysis on the next-generation sequencing data
was performed using different software and approaches (Table 1-4). On the other hand, regarding
the assessment of taxonomic classification based on sequence, it was observed that most of the
accessed studies (~48%) utilized QIIME software in various versions (v1.8.0, v1.9.2, v1.9.1, v2,
and others) (Tables 1-4). QIIME (Quantitative Insights into Microbial Ecology) is a software that
performs microbial community analysis from bacterial, archaeal, fungal, and viral communities.
The wide application of QIIME may be related to its ability to run on a high-performance computer
cluster or even a laptop running Windows (Kuczynski et al. 2011). Also, it was observed that the
taxonomic classification of 16S reads was usually based on curated databases: Greengenes
(McDonald et al. 2012), RDP - Ribosomal Database Project (taxonomy or classifier) (Wang et al.
2007) and SILVA (Yilmaz et al. 2014) in many of accessed studies (Tables 1-4). RDP and Silva
databases are based on 16S rRNA sequences from Bacteria, Archaea, and Fungi. On the other hand,
the Greengenes database is dedicated to the taxonomy of bacteria and archaea. The RDP database
is one of the most popular approaches for taxonomic classification, has been recently updated (RDP

Classifier 2.14 (August 2023)) (Wang and Cole 2024), and the SILVA SSU database 138 was
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updated in 2019 (https://www.arb-silva.de/documentation/release-138/). For instance, Greengenes
has not been updated since 2013, but it has recently been updated to a new version of Greengenes?2
(McDonald et al., 2024). Regularly updating the database is crucial because it can provide more
data for accurate taxonomy and phylogenies classification. Regarding the database for molecular
identification of eukaryotes, it was observed that most studies used UNITE (https://unite.ut.ee)
(Tables 1-4). The UNITE database was launched in 2003 and is considered a web-based database
that provides approximately 10 million sequence references related to the nuclear ribosomal ITS
region (Abarenkov et al., 2024).

Finally, it was also observed that few studies used metagenomics (whole metagenome
shotgun) and metatranscriptomic in the accessed literature (Tables 1-4). Metagenomic and
metatranscriptomic sequencing is a culture-independent method that involves sequencing the whole
DNA or RNA fragments derived from all organisms present in a single sample, providing taxonomic
and functional information (Pérez-Cobas et al., 2020). The widespread use of metataxonomic
sequencing compared to metagenomic/metatranscriptomic sequencing is related to the lower cost
of sequencing, well-established bioinformatic analytical pipelines, the absence of a requirement for
strong computational capacity, and the availability of curated public databases (SILVA, RDP,
Greengenes, and others) (Pérez-Losada et al. 2022). On the other hand, metataxonomic analysis,
despite its widespread use, presents several disadvantages. This technique cannot discriminate
between dead and live microorganisms; this aspect is considered a problem if the metabolisms are
the primary concern in the study. In addition, there is a lack of resolution; metataxonomic
sequencing achieves the identification of microorganisms at the genus level (not at the species
level), and neither the 16S rRNA (for bacteria) nor the ITS genes (for fungi) are used. This scenario
is expected to change soon due to the increasing power of new sequencing machines, the decreasing
cost of sequencing processes, and the development of user-friendly bioinformatics tools for
researchers. Other omics approaches, such as metagenomic (whole-metagenome shotgun
sequencing) or metatranscriptomic (RNA sequencing), are helping researchers understand the
microbial community structure, function, and interactions within a specific environment with

greater resolution. However, it is known that these techniques remain challenging for many research



70

groups because they require more sophisticated laboratory processes, advanced bioinformatic tools,
and computational capacity for fast data processing (Xu et al., 2021b). Despite the challenges,
applying omics techniques will substantially improve the understanding of the patterns related to
microbial communities in fermented foods, spoilage microbiota, or probiotic products.

5. Final remarks and future trends

The characterization of food microbiota has become an essential focus in food science,
offering critical insights into various product aspects, such as sensory properties, nutritional
composition, shelf life, and safety. Fermented foods represent a rich and dynamic microbial
environment where bacteria, yeasts, and fungi interact to shape product quality, stability, safety, and
sensory complexity. Factors such as raw materials, fermentation conditions, geographical origin,
and processing stages modulate microbial composition, succession, and dominance throughout
fermentation processes.

The evolution from classical culture-dependent methods to modern omics-based, culture-
independent techniques, especially high-throughput sequencing, has revolutionized the study of
microbial communities. Metataxonomics (16S rRNA and ITS sequencing) has become the most
accessible and widely applied approach, allowing researchers to describe the diversity and structure
of microbiota with high taxonomic breadth. However, this approach still faces limitations in species-
level resolution and viability discrimination. Meanwhile, more comprehensive omics strategies,
including metagenomics, metatranscriptomics, metaproteomics, and metabolomics, are gradually
being integrated, enabling not only taxonomic identification but also functional characterization and
metabolic profiling of microbial communities.

Despite current challenges, such as cost, bioinformatics complexity, and limited access to
curated databases, the incorporation of multi-omics approaches, coupled with artificial intelligence
and advanced computational modeling, is expected to reshape the future of food microbiome
research. These innovations will support the development of predictive models for microbial
behavior, help optimize fermentation processes, and enhance the reproducibility and traceability of

food products.



71

In practical terms, understanding the microbiota of fermented foods can inform the design
of new starter cultures, enhance the selection of probiotic strains, and facilitate the authentication
and valorization of traditional and artisanal products. Moreover, microbiome monitoring has
implications for food safety management, particularly in detecting spoilage or pathogenic organisms
and controlling their presence throughout the production chain.

In conclusion, the application of omics technologies to food microbiota analysis not only
deepens our understanding of microbial ecology in food systems but also opens new avenues for
innovation in the development of high-quality, safe, functional, and sustainable food products. As
tools and methods continue to evolve, integrating taxonomic and functional data will be key to

unlocking the full potential of microbial communities in food science and industry.
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Figure Captions

Figure 1 - Main microbial composition of fermented beverages, considering the genus level.

Figure 2 - Impact of microbial composition on the sensory and quality characteristics of food

products.

Figure 3 - Main factors influencing the microbiota composition of food products

Figure 4 - Dairy foods and their main microbial composition, considering the genus level.

Figure 5 - Asian foods and their main microbial composition, considering the genus level.
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Table 1. Microbial communities in fermented beverages using omics techniques.

Sample Study aim Methods used Main findings Reference
Water kefir Characterization  of  the Metagenomic sequencing: Bacteria: Anaerocolumna and Ralstonia were the Rodriguez et
microbial composition of the ) ) dominant genus of microorganisms in beverages. al. (2024)
. Platform: Illumina MiSeq
original water kefir and )
. _ In grains, the most common genus was
compare to  obtain a HTS: VI-V2 region of 16S rRNA. . . .
. . . Liquorilactobacillus.
microbiological profile.
Quality control: not provided
Database: SILVA v. 138.1 database.
Water kefir Study the microbial evolution Metagenomic sequencing: Bacteria: Zymomonas mobilis was the most abundant  Patel et al.
and the contribution of species during fermentation, present in kefir liquor (2022)

different microbial groups
present in water kefir grains,
for further development and
optimization of the water
kefir manufacturing process.

Platform: Illumina HiSeq 2500

Quality control: FastQC v0.11.9
using Trimmomatic v0.33, Bowtie2

and MEGAHIT v1.2.9.

Database: NCBI
nonredundant protein.

BLAST

and grains.

Fungi or Yeast: The dominant species was
Brettanomyces bruxellensis.

Lentilactobacillus hilgardii, Leuconostoc suionicum,
Lacticaseibacillus  paracasei, Lactiplantibacillus
plantarum, and Liquorilactobacillus satsumensis
were dominant in the grains, while Curvibacter sp.
PAE-UM, Brettanomyces bruxellensis, Torulaspora
delbrueckii, Liquorilactobacillus hordei,
Liquorilactobacillus mali, and  Leconostoc
pseudomesenteroides were predominant in the
liquor, especially after 30 h of fermentation.
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Chicha,
Forcha,
Champts,
and Masato

Study of the fungal and
bacterial communities of
fermented beverages and
elucidate their possible role in
fermentation.

Metataxonomic sequencing:

Platform: Illumina HiSeq

HTS: V3-V4 regions of 16S rDNA
and ITS (Internal Transcriber
Spacer).

Quality control: QIIME 2 v2020.8.

Database:  Bayesian  classifier,
Greengenes v13 8, and UNITE
databases.

Bacteria: Bacillota was the predominant phylum,
and Lactobacillus was the most prevalent genus in
all beverages.

Forcha samples: Fructilactobacillus
sanfranciscensis, Oenococcus oeni,
Limosilactobacillus  reuteri,  Lentilactobacillus

buchneri, and Limosilactobacillus fermentum were
predominant.

Masato samples: the most abundant species were
Limosilactobacillus  fermentum, Ligilactobacillus
ruminis, Limosilactobacillus reuteri, and
Acetobacter pasteurianus.

Champt samples: Limosilactobacillus fermentum,
Weisella koreensis, Lentilactobacillus buchneri,
Levilactobacillus brevis, Limosilactobacillus
reuteri, and Acetobacter pasteurianus constituted
the majority of species

Chicha samples: Lactococcus lactis and Weisella
koreensis were the dominant organisms.

Fungi or Yeast: The analysis of fungal communities
revealed the presence of only Ascomycota and
Basidiomycota phyla. Saccharomyces was the most
prevalent in the Forcha and Chicha samples, while
Pichia was the dominant species in the Masato
sample and Hanseniaspora in the Champus sample.

Delgado-
Ospina et al.
(2022)
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Chicha Investigation of the bacterial Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were the Bassi et al.
diversity associated with i _ dominant phyla in all samples. Bacteroidetes and (2020)
Peruvian Chicha de Jora Platform: Illumina Miseq Actinobacteria were also detected in small amounts
produced in 14 chicherias HTS: V3-V4 regions, 16S rRNA in some samples. Lactobacillaceae  and
located in seven different gsequence (Primers 343F and 802R). Acefobateraceae were the most representative
provinces in Peru. families, and Leuconostocaceae and
Quality control: not provided Streptococcaceae were also detected in all samples.
Database: Greengenes A small percentage of chicha samples contained
other families of bacteria: Clostridiaceae,
Bacillaceae, Enterobacteriaceae, Enterococcaceae,
Bifidobacteriaceae,  Sphingomonadaceae,  and
Ruminococcaceae.
Tepache Analyze the physicochemical Metataxonomic sequencing: Bacteria: Increase of Bacillota, reduction of Gutiérrez-
aspects, the bacterial and . . Pseudomonadota, and  complete loss of Sarmiento et
fungal community structure, Platform: Illumina MiSeq 2 > 300 Bacteroidetes and Acidobacteria phyla during al. (2022)
and the predictive metabolic HTS: V4-V5 regions 16S rRNA fermentation. Pseudomonadota and Bacteroidetes
potential of  microbial gene (515 F and 926R primers) and ~ Were only found at the initial time. After 72 hours,
communities during tepache Bacilli  class members, including the genus
fermentation. ITS2-ITS4 of fungal rRNA operon  ;,cs0bacillus, Leuconostoc, and Lactococcus, were
(ITS86F and ITS4 primers). dominant.
Quality  control: -fastq_filter,
fastq maxlen and fastq _minlen
libraries. Fungi or Yeast: The progress on fermentation
resulted in an increase of Ascomycota and a
Database: Ribosomal Database reduction of Basidiomycota phylum.
Project (RDP).
Boza Determination of the bacterial Metataxonomic sequencing: Bacteria: Lactococcus, Lactobacillus, Leuconostoc, Ucak et al.
microbiota of Boza samples and Streptococcus were the dominant genera in all (2022)

collected from  different
regions of Turkey and

Platform: Illumina iSeq100

HTS: 16S rRNA gene, V3-V4

region (341F and 806R primer)

samples.
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analysis of the chemical
properties.

Quality control: not provided

Database: RDP Classifier

Pre-enriched Boza samples were dominated by
Lactococcus, Enterococcus, Escherichia/Shigella,
Bacillus, and Lactobacillus.

Pre-enrichment of Boza samples increased the
number of Enterococci and Escherichia/Shigella.

All enterococci were identified as Enterococcus
faecium.

Kombucha Investigate the heterogeneity Metagenomic sequencing: Bacteria: The samples were divided according to the Yang et al.
of nine commercial i dominant bacteria. The first group presented a (2022)
kombucha  samples b Platform: Illumina Novaseq 6000 redominance of Bacillus coagulans and/or

p y p g
employing chemical,  Quality control: KneadData Gluconacetobacter liquefaciens. The second group
metabolomics and showed a dominance of Liquorilactobacillus nagelii.
metagenomics analyses to Database: MetaPhlAn 3.0 The last group was  dominated by
gain a deeper understanding Liquorilactobacillus mali, Gluconobacter, genus
of the diversity of kombucha. Komagataeibacter ~ (mainly K. rhaeticus),
Metataxonomic sequencing Escherichia coli, and Bacteroides thetaiotamicron.
Platform: Illumina Novaseq 6000 All samples contained enteric bacteria Bacteroides
HTS: Fungal ITS! region thelai(?tamicron, Escherichia coli, and Enterococcus
fecaelis.
(ITS1f and ITS2 primers)
Quality control: DADA2 Fungi or Yeast: Brettanomyces species and
Database: UNITE database Cyberlindnera jadinii dominated the fungal
composition, and Saccharomyces cerevisiae was
found in all samples.
Kombucha Determination of the Metagenomic sequencing: Bacteria: Pseudomonadota were predominant and Arikan et al.

microbial composition and
functional properties of two
Turkish kombuchas during
fermentation.

Platform: Illumina HiSeq X Ten;
Quality control: MGnify v4.1

attributed to the Acetobacteraceae family during
fermentation.

(2020)
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Database: MapSeq v1.2 and SILVA
v128 database

Metataxonomic sequencing:

Platform: Illumina MiSeq

HTS: V3-V4 region of 16S rRNA
gene (primers 341F and 785R) and

the fungal ITS region (ITS1F-
and ITS2R)
Quality control: QIIME2

Database: SILVA v128 and UNITE
v7.2 databases.

Fungi or Yeast: Ascomycota was the predominant
fungal phylum in both samples, and ITS1 sequences
were assigned to the genus Zygosaccharomyces.

Clustering of the genome bins revealed the presence
of three Komagataeibacter genomes and one Z.
bailii genome.

Kombucha

Study three Kombuchas
samples' kinetics, microbial
diversity, chemical
composition, and functional
profile.

Metagenomic shotgun sequencing:

Bacteria: Actinobacteria and Pseudomonadota were

Platform:  NextSeq
platform Illumina

sequencing

Quality control: bwa v. 0.7.15 and
CheckM
Database: NR database

identified in all samples. The Acetobacteraceae
family was dominant, with the dominant genera
being Komagataeibacter, Gluconacetobacter, and
Gluconobacter. Additionally, several species from
the Acetobacter genus were identified (4. malorum,
A. pasteurianus, A. pomorum, and A. tropicalis).

The dominant bacterial species identified were
Komagataeibacter  rhaeticus,  followed by
Gluconacetobacter sp. SXCCI.

Fungi or Yeast: The Saccharomycetaceae and
Schizosaccharomycetaceae  families  (phylum
Ascomycota) were the most prevalent. The four
genera of yeast Candida arabinofermentans,

Villarreal-
Soto et al.
(2020)
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Brettanomyces bruxellensis, Schizosaccharomyces
pombe, and Zygosaccharomyces bailii were
identified across the three kombucha liquid phases,
with B. bruxellensis being the most prevalent.

Mabisi and Profiling  the  microbial Metataxonomic sequencing: Bacteria: The most frequently identified generain all Chileshe et
Munkoyo communities of the traditional ) ) samples  were  Lactobacillus,  Lactococcus, al. (2020)
(Zambia) fermented foods Mabisi and Platform: Illumina MiSeq V3 Streptococcus,  Enterobacter,  Klebsiella  or
Munkoyo,  collected in HTS: 16SIRNA Amplicon Acetobacter.
?ambla, . at the end  of " Sequencing In Mabisi samples, Streptococcus, Enterobacter, and
ermentation and .
documenting the nutritional Quality control: cutadapt Lactococcus were most abundant, Whereas in
composition and el babase: not brovided Mun.koyo, Lactococcus and Lactobacillus were
variations  from different Aabase: ot provide dominant.
producers.
Munkoyo Examination of the Metataxonomic sequencing: The dominant bacterial families identified were Phiri et al.
physiochemical properties of ) ) Streptococcaceae, Leuconostocaceae, (2019)
Munkoyo, profiling the Platform: Illumina MiSeq Enterobacteriaceae, Lactabacillales, Bacillaceae,
bacterial community HTS: V3-V4 regions of the 16S and Aeromonadaceae.
;:omposmon | CONcCIning  rRNA (341F and 785R primers) The results demonstrated high levels of bacterial
ocation, variations n . . . .
processing  practices  and Quality control: diversity, with notable differences observed between
consumption preferences, and Pick_open_reference_otus.py samples.
identifying the aroma - patabase:  Greengenes  (v13.5)
compounds of the beverage. | pNA database
Palm Wine Identification of the key Metataxonomic sequencing: Bacteria: Dominance of Bacillota, represented by the Djeni et al.
microbial communities and Lactobacillaceae and Leuconostocacea families, (2020)

metabolites associated with
the palm wines produced
from ron palm (Borassus

Platform: Illumina MiSeq

and Pseudomonadota phyla, including the
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aethiopum), oil palm (Elaeis
guineensis), and rafa palm
(Raphia hookeri) in Cote
d'Ivoire and attempted to
establish the basis of their
differences.

HTS: V3-V4 region of 16S rRNA
gene (Primers 520 F and 907R) and

the fungal ITS2 region (Forward
ITS1-F and reverse primer ITS2)

Quality control: QIIME v1.8.0

plataform

Database: UNITE v7.1 (fungal ITS)
and M5RNA databases (16S rRNA).

Acetobacteraceae, Sphingomonadaceae, and
Enterobacteriaceae families.

At the genus level, the genera Lactobacillus,
Acetobacter, Leuconostoc, Fructobacillus,
Gluconobacter, Zymomonas, Gluconoacetobacter,
and Kluyvera were the most abundant in the palm
wine samples.

Fungi or Yeast: Saccharomyces cerevisiae was the
dominant yeast in all three types of palm wine.
Hanseniaspora sp. and Hanseniaspora valbyensis
were present in raphia palm wine, Hanseniaspora
guilliermondii and Saccharomycodes in the oil palm
wine.

Palm Wine
(Tuba)

Comparison of the production
of Tuba under controlled
conditions and those
commercialized locally and
analyzing the diversity and
functionality of the bacterial
communities.

Metataxonomic sequencing:

Platform: Illumina MiSeq

HTS: V3-V4 regions of the 16S
rRNA; Primers (341F and 785R

5’primers)
Quality control: not provided

Database: Greengenes

Bacteria: The predominant genera in all samples
were Fructobacillus, Leuconostoc,
Gluconacetobacter, Sphingomonas, Vibrio, and
some genera of the Enterobacteriaceae family,
including potential pathogens such as FErwinia,
Klebsiella, Serratia, and Cronobacter.

Astudillo-
Melgar et al.
(2019)

Marselan
wine

Investigate the
microorganism diversity and
aroma compounds during the
spontaneous fermentation
(SMF) of 'Marselan' and
compare with the inoculated
fermentation (IMF).

Metataxonomic sequencing:

Platform: Illumina Miseq

HTS: 16 S rRNA genes, V3-V4
region (338 F and 806 R primers)

Bacteria: Cyanobacteria and Kluyvera decreased
during spontaneous fermentation, while
Leuconostoc and Lactococcus increased. The
abundance of bacteria in inoculated fermentation
was higher than in spontaneous fermentation. In
SMF,  norank c cyanobacteria, =~ Rhodococcus,

Lu et al.
(2020)
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ITS region for fungi (ITS1F and

ITS2R primers)

Quality control: QIIME software

Database: Silva/Unite Database

Leuconostoc, Oenococcus, and Lactobacillus were
the predominant microorganisms.

Fungi or Yeast: Saccharomyces was the most
abundant yeast genera in SMF and IMF, dominating
throughout fermentation.

Wine Isolation and identification of Metataxonomic sequencing: Fungi or Yeast: Ascomycota was the most abundant Liu et al.

the yeast populations during ) , phylum in the grape before fermentation, followed (2021a)

. Platform: Illumina MiSeq . .

spontaneous wine by  Basidiomycota and  Mortierellomycota.
fermentation and analysis of HTS: Fungal ITS1 region (ITS1F Filamentous  fungi, especially the genera
the correlation of the fungal and ITS2 primers) Cladosporium, Aureobasidium, and Epicoccum, and
communities  with  wine great populations of Saccharomyces,
aroma profiles. Quality control: QUME v1.9.2 and  rspseniaspora, Basidiomycetous, Vishniacozyma,
the paired ends were joined Using  Rpodororula, and Sporobolomyces dominated the
FLASH must/juice. Significant decreases in fungal diversity
Database: UNITE fungal ITS Were observed after the fermentation stages.
database (v7.2) However, Saccharomyces cerevisiae dominated all
samples' fermentations at the middle and end points.

Kunu Determination of the bacterial Metataxonomic sequencing: Bacteria: Bacillota dominated most processing Ezekiel et al.
community dynamics and ) ) stages, while Pseudomonadota dominated the (2019)
diversity during three Kunu Platform: Illumina MiSeq remainder. Lactobacillus was the dominant genus in
formulation processes and HTS: V3-V4 region of partial 16S most of the processing stages.

evaluation of the effect of
processing on the mycotoxin
profiles.

rRNA genes (Primers 341F and

805R)

Quality control: FastQC software

Database: SILVA rRNA reference

(Release 128) database

All communities exhibited shared phylotypes
dominated by LAB species of Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus, and
Weissella. Other shared phylotypes included species
of Gluconacetobacter, Enterobacter, Lactobacillus,

109



Leuconostoc, Lactococcus, Pediococcus, and

Weissella.

Mahewu Determination of the Metataxonomic sequencing: Bacteria: The most abundant phylum was Pswarayi and
composition and origin of the ) ) Pseudomonadota, with Cronobacter as the most Ganzle
microbiota involved in the Platform: Illumina MiSeq abundant genus in all millet malt samples, followed (2019)
fermentation of Mahewu and HTS: V5-V6 regions of the 16S by Bacillota, with Weissella as the most abundant
establishing the degree of (RNA (784F and 1064R primers) genus. DNA from Rhizobium, Massilia spp.,
overlap between the Pseudomonas spp., Xanthomonas, and Bacteroidetes
microbiota of mahewu and Quality control: LotuS v. 1.565 was also identified.
millet malt. Database: BLAST against the
SILVA v128 database
Fungi or Yeast: Saccharomyces cerevisiae and
Candida glabrata were present in all samples.
Fangxian Investigate the microbial Metagenomic sequencing: Bacteria: The main Dbacterial phyla were Gao et al.
huangjiu communities,  metabolites, . Pseudomonadota, Bacillota, Bacteroidetes, and (2024)
(FH) and physicochemical factors Platform: Illumina NovaSeq 6000 Actinobacteria.
Of.FH sgmples, correlatmg .the Quality control: MEGAHIT Leuconostoc, Lactococcus, Acinetobacter,
microbial communities, ] ) ) i
physicochemical Database: KEGG Enterobacter, and Novosphingobium remained high

characteristics, and volatile
compounds and mapping the
metabolism, temporal
taxonomic taxa, enzymes of
starch degradation, and flavor
development.

throughout fermentation. Raoultella and
Pseudomonas had high levels at the pre-fermentation
stage but low levels at the post-fermentation stage.
Lactiplantibacillus and Pediococcus were low in
pre-fermentation but remained high in post-
fermentation.

Fungi or Yeast: Mucoromycota and Ascomycota
were the most abundant phyla.
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Rhizopus was found at the pre-fermentation stage,
and low levels were detected at the post-
fermentation. At the same time, Saccharomyces,
Wickerhamomyces, Thamnidium, Ascoidea, and
Cyberlindnera remained low at the pre-fermentation
stage and showed high levels at the post-
fermentation.

Mezcal Study of the Dbacterial Metataxonomic sequencing: Bacteria: Lactobacillales, Rhodospirillales, Kirchmayr et
composition in mezcal from Enterobacteriales, Flavobacteriales, al. (2024)
Guerrero state. Platform: Ton Torrent PGM™ Actinomycetales, and Bacillales were the most
4 s
HTS: V2-V3 region of 16S rRNA abundant orders.
(27F and 1495R) Lactobacillales were more abundant at the end of the
Quality control: Trimmomatic fermentation, and Rhodospirillales were more
abundant at the beginning.
Database: Greengenes
Lacticaseibacillus, Secundilactobacillus,
Acetobacter, Asaia, Weissella and Leuconostoc were
the most abundant genera in all samples.
Toddy Study the metabolomics and Metagenomic sequencing: Bacteria: The phylum Bacillota were the most Dasand
metagenomics of toddy to ) abundant, followed by  Pseudomonadota, Tamang
obtain the profile of microbial Platform: Nanopore sequencing Actinomycetota, Bacteroidota, Acidobacteriota, (2023)
communities  and  their Quality control: NanoPlot software Ascomycota, and Uroviricota. The family
contribution to the production v1.33.0. Leuconostocaceae  was the most prevalent,
of metabolites for health Leuconostoc was the most abundant genus, and
benefits. Database: NCBI nr + euk Leuconostoc mesenteroides was the most abundant
database among other lactic acid bacteria (LAB) species.
Chinese The effect of hulless barley Metataxonomic sequencing: Bacteria: Pantoea, Acinetobacter, and Liuetal.
liquor on the microbiota in Chinese Staphylococcus | with 1fermentation time (2019a)

liquor was studied using two

111



main cultivars (heilaoya and
dulihuang)

Platform: MiSeq benchtop
sequencer for 250-bp paired-end
sequencing

HTS: Bacteria: V3-V4
hypervariable region of the 16S
rRNA gene with universal primer
sets F338 and barcode-R806.
Fungi: internal transcribed spacer
(ITS) region with primers ITS1F
and ITS2R.

Quality control: Qiime pipeline
(v1.8.0)

Database: Greengenes database

(v13.8) and the UNITE fungal ITS
database (v6.0).

Weissella and Lactobacillus twith 7fermentation
time.

Fungi or Yeast: Pichia (fwith ffermentation time),
Komagataella, Aspergillus (|with 7fermentation
time), and Saccharomyces (]with ffermentation
time) were different in the two types of fermented
grain.

Chinese rice
wine

Evaluating Bacterial and
fungal diversity and their
relationship with volatile
compounds

Metataxonomic sequencing:

Platform: Illumina MiSeq
sequencing

HTS: Bacteria: V3-V4
hypervariable regions of the
bacterial 16 S rRNA gene were
amplified with primers 338 F and
806 R. Fungal: ITS1 was amplified
with the ITS1F and ITS2 primers.

Quality control: ~ Trimmomatic
and merged by FLASH

Database: QIIME v1.7.0

Bacteria: Bacillota, Pseudomonadota, and

Actinobacteria were the dominant bacterial phyla.
Bacillus was the dominant genus.

The 8° day of fermentation showed the abundance of
most genera, which decreased until the 12th day.

Bacteria: Weissella was the main genus that
generated acids and could inhibit the growth of other
bacteria.

Fungi or Yeast: unclassfied O Saccharomycetales
was the high percent relative abundance.

Ren et al.
(2019)
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The  Pichia genus decreased throughout
fermentation.
Black Exploring the correlations Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were the Zhao et al.
glutinous between microbial . . predominant communities. (2020)
rice wine communities with Platform: Illumina Hiseq 2500
physicochemical properties platform Leuconostoc and Pediococcus were the predominant
enus.
an. ﬂa\tior compc?nents HTS: Bacteria: V3-V4 region of the 8
uring fermentation bacteria 16S rRNA gene was
amplified with primers 338F and _
R06R Fungi or Yeast: Mucoromycota and Ascomycota
were the predominant communities.
Fungi: The ITS1 region of the fungi . i
was amplified with the forward Rhizopus and Saccharomyces were the predominant
primer ITSIF and the reverse genus.
primer ITSIR Saccharomyces and Saccharomycopsis were the
. . . i ts.
Quality control: ~ Trimmomatic fnain yeasts
software v0.33, chimeras removed
using UCHIME tool in QIIME
software
Database: Silva (bacteria) and
UNITE (fungi) taxonomic
databases.
Baijiu Investigating the difference Metataxonomic sequencing: Bacteria: Fermentation using the grain mixture Tan et al.
liquors and  between microbiota increased the abundance of Clostridiales. 2019
fe?’mented dynamics during the Platform: Miseq Benchtop ( )
grains fermentation processes with Sequencer for 250 bp pair-end Lactobacillus could reflect the microbial succession

single cereal and mixed
cereals

sequencing

HTS: Bacteria: V3-V4
hypervariable region of the 16S
rRNA gene was amplified using the

rate of stage shift in strong-aroma Baijiu
fermentation.
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114

primer sets F338 and barcode
R806. Fungi, the internal
transcribed spacer (ITS) region was
amplified with primers ITS1F and
ITS2R.

Quality control: removed by
Trimmomatic v0.32 and Uchime
algorithm, clustered using Qiime's
Uparse pipeline

Database: 16S rRNA - Silva v128
and ITS - Unite v7.0.

HTS: High-Throughput Sequencing; ITS: Internal Transcriber Spacer; Ribosomal Database Project: RDP.



Table 2. Microbial communities in dairy products using omics techniques.

Sample Study aim Methods used Insightful results Reference
Minas Frescal Understanding microbial Metataxonomic sequencing: Bacteria: Pseudomonadota dominated all de Paula et
Cheese (MFC) community structure in MFC ) , samples, accounting for an average of 88.7% of al. (2021)
establishes the identity of Platform: Illumina MiSeq all sequences. Groups associated with
dominant bacterial populations. ~ HTS: V3-V4  hypervariable contamination,  such as  Pseudomonas,
regions of the 16S rRNA gene Acinetobacter, and Vibrio, were highly frequent
were amplified (341F and 806R  1n most brands. The core microbiome shared by
primers). 100% of the samples indicated a predominance of
the Enterobacteriaceae family.
Quality control: Trimmomatic
v0.32
Database: SILVA 132
Minas artisanal Analysis of the microbiota of Metataxonomic sequencing: Bacteria: Lactococcus lactis was the predominant Nero et al.
cheese (MAC) MAC produced in the Serro . ) species in all samples. Core microbiota for all (2021)
regions to identify Platform: M¥Seq Sequencing cheese samples included Lactococcus lactis,
distinguishable microbial System (Illumina) Streptococcus salivarius, S. thermophilus, and
signatures that might be used for HTS: V3-V4 region of 16S Acinetobacter johnsonii. The Lactobacilli and L.
authenticity testing. rRNA; primers 341F and 806R /actis are the dominant lactic groups and species
in the Serro MAC, supporting the establishment
Quality control: not provided of a typical microbial signature for this cheese.
Database: Sequence database
(NeoRef, Neoprospecta)
Artisanal cheeses Characterize the microbiota Metataxonomic sequencing: Bacteria: The metagenomics study revealed an Dimov et
(Bulgarian composition of a Bulgarian ) unusual microbiome comprising beneficial al. (2023)
) . , . . . Platform: not provided .
mehovo sirene artisanal skin bag cheese, point bacteria such as Staphylococcus equorum,
cheese) out its distinction in relation to HTS: V3-V4 of the 16S rRNA Lactococcus lactis, Streptococcus thermophilus,

other skin bag cheeses, and prove
its safety.

gene (341F and 806R primers)

Quality control: not provided

Lactobacillus delbrueckii, Lactobacillus
kefiranofaciens,  Lactococcus  raffinolactis,
Lactiplantibacillus plantarum,




Database: not provided

Limosilactobacillus fermentum and
Loigolactobacillus coryniformis.

Artisanal Brazilian  Characterization of the Metataxonomic sequencing: Bacteria: LAB dominated all cheeses, although Kaminura
cheeses microbiota of Brazilian artisanal . ) Enterobacteriaceae and Staphylococcus also et al.
cheeses produced in different Platform: - Illumina  MiSeq occurred in North, Northeast, and Central (2019)
regions, emphasizing  the platform cheeses. Differences in the LAB patterns were
differences between the HTS: V3-V4 region of the 16S also highlighted: Streptococcus, Leuconostoc,
manufacturing practice and the yRNA gene by using primers S- Lactococcus, and Lactobacillus were combined
geographical origin. D-Bact-0341 and S-D-Bact- differently in relative abundance according to
0785-a-A-21 product type and region of production.
Quality control: PRINSEQ and
QIIME 1.9.1 software
Database: NCBI nr database
Tulum cheese Assessment of the diversity of Metataxonomic sequencing: Bacteria: Bacterial communities of the Tulum Gezginc et
bacterial populations, which are ) , cheese samples were found to be a complex al. (2022)
. . Platform: Illumina MiSeq . : . . .
important as native non-starter microbiota with organisms belonging to the
flora of the raw milk Turkish HTS: V4 region of the 16S rDNA Bacillota and Pseudomonadota. Lactobacillus,
artisanal Tulum cheeses using (341F and 805R primers) Lactococcus,  Streptococcus,  Leuconostoc,
amplicon-based sequencing. Enterococcus, and Pediococcus genera were the
Quality  control:  FASTQC  gominant bacterial genera in all samples.
v0.11.2 tool and QIME II (ver.4
2019) analyses platform
Database:  SILVA  reference
database (2019).
Hard cheese rind Assessment of the microbial Metataxonomic sequencing: Bacteria: Mesophilic and thermophilic bacteria Busetta et
diversity of wooden shelves used dominated the surfaces of all wooden shelves and al. (2024)

for maturing cheeses with
Protected Designation of Origin
(PDO) Pecorino di Filiano and
Protected Geographical
Indication (PGI) Canestrato di

Platform: Illumina MiSeq system

HTS: V3-V4 region of the 16S
rRNA gene (341F to 805R
primers) and fungal ITS2 region

cheese rinds. The BAL community was
represented by Enterococcus spp., Leuconostoc
spp., and Marilactibacillus spp.
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Moliterno. The microorganisms
associated with the rind of these
cheeses were also investigated.

(ITS3/ ITS4 primers) were
amplified for bacteria and yeast,
respectively

Quality control: Qiime2 v2018.2.

Database: Greengenes v13 8
(bacteria) and UNITE software
v8.0 (fungi).

Fungi or Yeast: Among yeasts, Debaryomyces
spp., Candida spp., Aspergillus spp., and
Penicillium spp. dominated the filamentous
fungal community.

Alpha diversity confirmed a strict correlation
between the microbiota on wooden shelves and
that on cheese rinds in most factories.

Traditional Characterization of the Metataxonomic sequencing: Bacteria: The dominant species was Lacfococcus Jin et al.
Buryatian cottage microbiota communities  of Platform: PacBi SMRT lactis. Principal component analysis and (2018)
cheese cheese Buryatia samples at orm: ac dlo lumi multivariate ANOVA showed marked differences
collected based on full-length siqien01ng an UM 41 the structure of the microbiota communities in
16S rRNA profiling. platiorm the cheese data sets from the 3 regions. The
HTS: 16S rRNA gene, the results indicate that the bacterial communities of
forward 27F, and the reverse traditional artisan cheeses vary depending on
1541R primers. geographic origin.
Quality control: QIIME package
Database: Ribosomal Database
Project (RDP) II
Village-type Assessment of the bacterial Metataxonomic sequencing: Bacteria: Lactobacillus was the most prevalent Golbasi et
homemade yogurts  diversity using next-generation genera in homemade yogurt samples at the end of al. (2023)

sequencing via metagenomic
analysis in village-type
homemade yogurts.

Platform: Illumina platform

HTS: 16S rRNA gene (V3 e V4
hypervariable regions); (341F
and 805R primers)

Quality control: QIIME 1.9.1

Database: not provided

all back-slopped yogurt productions, followed by
Streptococcus. Besides, Enhydrobacter genera
were detected with the third highest relative
abundance in almost all yogurts.
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Krokmach Investigation of microbiota Metataxonomic sequencing: Bacteria: The dominant species was Lacfococcus Dimov et
(traditional composition by next-generation ) ) lactis subsp. lactis. The overall composition of al. (2022)
. . Platform: Illumina HiSeq . . .
Bulgarian sequencing. Exiguobacterium sp was quite unusual. Presence
fermented dairy HTS: V3-V4 region of the 16S of Apiactobacillus kunkeei, Megamonas sp., and
product) rRNA genes was amplified with Kluyvera georgiana among the dominant and
the primers 341F and 806R subdominant species and genera.
Quality control: not provided
Database: SILVA Database
Koumiss Study of the bacterial community Metataxonomic sequencing: Bacteria: The four dominant phyla were Bacillota Bao et al.
during the fermentation of Pseudomonadota, Actinobacteria, and (2019)

koumiss, analyzing the dynamics
changes in the chemical
composition and evaluating the
correlation between groups of
bacteria and major metabolites.

Platform: Illumina MiSeq

HTS: V3-V4 region, 16S rRNA
sequence (Primers 341F and
805R)

Quality control: not provided

Database:  GreenGenes 16S

rDNA

Bacteroidetes. Bacillota and Pseudomonadota
showed a relative abundance  during
fermentation. Actinobacteria decrease sharply as
fermentation continues.

Initially, the genera Lactobacillus, Streptococcus,
Rothia, Lactococcus, Leuconostoc and
Enhydrobacter predominated. After
fermentation,  Lactobacillus,  Streptococcus,
Acetobacter  prevailed, and Lactobacillus
helveticus, Streptococcus parauberis, and A.
pasteurianus were the most abundant species.

The presence of pathogens (Escherichia,
Shigella, and Staphylococcus aureus) was
detected at the beginning of the process and
gradually decreased as the fermentation
progressed.
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Table 3. Microbial communities in Asian fermented foods using omics techniques.

Sample Study aim Methods used Insightful results Reference
High- Investigating the Metataxonomic sequencing: Bacteria: Bacillota and Actinobacteria were the Deng et al. (2020)
temperature differences in Platform: Hlumina MiSea2500 platf main bacterial phyla, while Kroppenstedtia,
Daqu (material microbial atiorm. Humina Viseq pratiorm Bacillus, and Saccharopolyspora were the main
for Chinese communities, HTS: V4 regions of the bacterial 16S genera.
Baijiu) physicochemical rRNA gene and the internal transcribed
indices, and potential  spacer (ITS1) regions of fungal rRNA
functions among genes were amplified using the primers Fungi or Yeast: Ascomycota was the
different high- 3381/806r and ITS1f/2043R predominant  fungal  phylum,  while
temperature Daqu lit rol: Tri . db Thermoascus, Thermomyces, and
with different colors ~ Quality control: fmmomatic, merged by unclassfied o Eurotiales were the major fungal
FLASH, clustered using UPARSE v7.1, -~
L , ) genera.
and chimeric sequences were identified
and removed using the UCHIME
algorithm.
Database: RDP Classifier
Low- Examining the Metataxonomic sequencing: Bacteria: Bacterial richness and diversity were Cai et al. (2021a)
temperature structure of bacterial ) ) higher in Hongxin and Qingcha than in Houhuo.
Platform: Illumina MiSeq sequencer
Daqu and fungal . . .
. . . Bacillota, Actinobacteria, and Pseudomonadota
communities in three  HTS: V3-V4 region of bacterial 16S rRNA . .
. . ) . were the dominant bacterial phyla.
different types was amplified with forward primer 338F
(Hongxin, Houhuo, and reverse primer 806R. Internal Bacillus, Streptomyces, Saccharopolyspora,
and Qingcha) Transcribed Spacer (ITS) regions of Lactobacillus, and Thermoactinomyces were

fungal rRNA gene were amplified with
forward primer ITS1F and reverse primer
ITS2R

the dominant bacterial genera.
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Quality control: in-house Python scripts

Database:  Greengenes v13.8,
(Release 11.5) and SILVA v132.

RDP

Fungi or Yeast: Ascomycota was the dominant
fungal phylum.

Saccharomycopsis, Thermoascus, and
Monascus were the dominant fungal genera.

Daqu

Analyzing the
microbial structure of
special-flavor Baiju
Daqu

Metataxonomic sequencing:

Platform: Illumina MiSeq

The bacteria's HTS: 16S rRNA gene was
amplified using the forward primer 27F

and reverse primer 1492R. The 18S rRNA

gene fragments in

the fungi

WEre

amplified by using the barcoded primer

pairs of SSUO817F and SSU1196R

Quality Control: quality-filtered by fastp
v0.20.0 and merged by FLASH v1.2.7

Database: RDP Classifier v2.2 against the
16S rRNA database (Silva v138)

Bacteria: Lactobacillales (mainly Enterococcus
faecalis, Lactiplantibacillus plantarum, and
Pediococcus pentosaceus microorganisms),
Bacillales, and Rhodospirillales (mainly
Acetobacter pasteurianus microorganism) were
the phylotype level more found

Bacillus licheniformis was the most abundant
bacterial community.

Fungi or Yeast: Saccharomycetales

(Wickerhamomyces anomalus and  Pichia
anomalus microorganisms mainly), Eurotiales
(Aspergillus and Penicillium mainly), and
Capnodiales were the phylotype level more
found.

Chen et al. (2021)

Yellow water
and pit mud
(ingredients of
Chinese
Strong-Flavor
Liquor)

Evaluating how the
microbes in the
yellow water interact
with microbes in the
mud in the Chinese
Strong-Flavor Liquor
production

Metataxonomic sequencing:

Platform: Illumina MiSeq

HTS: V3—V4 region of the bacterial 16S
rRNA gene, and the amplification primers

were 338F and 806R

Quality control:
Trimmomatic software

FLASH

and

Bacteria: Bacillota increased with fermentation
time (30-90 days).

Bacteroidetes decreased with fermentation time.

The Lactobacillus genus was dominant.

Gao, Wu, Zhang
(2020)
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Database: Silva (Release 132)

Pit mud and Evaluating pit mud Metataxonomic sequencing: Bacteria: Pediococcus, Lactobacillus, and Gao et al. (2021)
fermented microbes in the ) ) Kroppensteditia at 0 days and Lactobacillus at
. . . Platform: Illumina MisSeq platform .
grains formation of diverse the end of fermentation.
flavor compounds HTS: Funglz ITS2 region was amplified Caproiciproducens, Caloramator.,
with the primers ITS3 and ITS4 Sedimentibacter and Caldicoprobacter in
Bacteria: V3—V4 hypervariable regions of ~general.
the 16S rRNA gene were amplified using
primers 338F and 806R
. Fungi or Yeast: Pichia (day 0) and
Quality cqntrgl: data were ﬁltere.d by Saccharomyces at the end of fermentation.
QIME pipeline (v 1.9.1), chimera
sequences removed by UCHIME, and Pichia, Rhizopus, Aspergillus and Mucor were
clustered using UPARSE. more abundant in general.
Database: Silva database (v 138) and the
Unite fungal ITS database
Fermented Identifying the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota phyla  Jiao et al. (2022)
Grain microbiota in the

fermentation process
of Chinese strong-
flavor liquor by
different pit ages and
layers of
fermentation cellars.

Platform: Illumina plataform

HTS: Bacteria: primers 338F/806R were
used to amplify the V3—V4 regions of the
bacterial 16S rRNA gene. Fungi:
ITS5/ITS1 was used to amplify ITSI
regions of fungal rRNA

Quality control: filtered by QIIME
pipeline v1.8.0, aligned and assembled
using FLASH v1.2.7.

Lactobacillus, Aquabacterium, and Chloroplast
genus.

Lactobacillus was more abundant in the button
layer.

Aquabacterium was more abundant in the
middle layer.

Fungi or Yeast: Ascomycota phyla

Aspergillus, Thermoascus,
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Database: Greengenes Database (Release
13.8) and UNITE Database (Release 5.0)

Kazachstania, Pichia, and Rhizomucor genus

Thermoascus was more abundant in the middle
layer.

Fermented
Grain

Evaluating the
microbial and
metabolic
characteristics of the
fermented grain
during Baijiu
fermentation

Metagenomic shotgun sequencing:

Platform: Illumina HiSeq 4000 platform
Quality control: Sickle software

Database: Taxonomic annotation was
performed against the NCBI nr database.
The EggNOG v4.5, CAZy v5.0, and
KEGG were employed for functional
annotation.

The abundance of fungi and bacteria at the
beginning of fermentation is practically equal.

Bacteria: Bacteria abundance increases with 7
days of fermentation, and there is a decrease in
microbial diversity during fermentation.

Lactobacillus and Pichia were the most
abundant, with Lactobacillus reaching an
abundance greater than 90%  during
fermentation at the end of fermentation.

Pichia  kudravzerii, Lichtemia  ramosa,
Leuconostoc citreum, and Bacillus licheniformis
were predominant at the beginning of
fermentation.

Lactobacillus acetotolerans, Lentilactobacillus
buchneri, and Lentilactobacillus hilgardii were
predominant at the end of fermentation.

Fungi or Yeast: Saccharomyces cerevisiae was
the largest producer of alcohol.

Huang et al. (2020)

Fermented
Grain

Characterizing the
microbiota during the
fermentation

Metataxonomic sequencing:

Platform: Illumina HiSeq 2500 platform

Bacteria:

Guan et al. (2020a)
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processes of Chinese
strong-flavor Baijiu
differing in cellar
ages with
consideration for
potential relation to
physicochemical
variables

HTS: Bacteria: V3-V4 hypervariable
region of bacterial 16S rRNA genes were
amplified with the universal primer pair
338F and 806R. Fungi: primer pair ITSIF
and ITS2 targeting the ITS1 regions

Quality control: paired via FLASH, de-
multiplexed, trimmed, and assessed for
chimeras using QIIME software (v. 1.8.0),
and Quality-filtered using UCLUST
software

Database: Silva database (16S rDNA) and
Unite database (ITS) in

QIIME

Dominant orders: Lactobacillales (| with
1 fermentation time), Enterobacteriales,

Bacillales, Eurotiales, and Saccharomycetales

Dominant genus bacteria: strict aerobes (e.g.,
Staphylococcus and Acetobacter) or facultative
aerobes (e.g., Kosakonia, Lactobacillus (Twith
tfermentation time), Weissella, Pediococcus,
Pantoea, and Bacillus).

Fungi or Yeast: Kazachstania with a significant
level of Thermoascus (] with ffermentation
time), Aspergillus (| with 1fermentation time),
and Saccharomyces.

Fermented
grains

Identifying the
microbiota present
during material
pretreatment

Metataxonomic sequencing:

Platform: Illumina plataform

HTS: Bacteria: V3—V4 domains of the 16
S rRNA genes were amplified using
primers 338 F and 806 R

Fungi: internal transcribed spacer ITS2
regions were amplified with primers
ZIT Fand ZITS R

Control quality: QIIME (v.1.17)

Database: Silva 123/16 S rRNA database
by a QIIME-based wrapper of RDP-
classifier (v.2.2). The fungal ITS database
was clustered using the USEARCH v7.1.

Bacteria: Cyanobacteria_norank was
predominant at the beginning of sorghum
soaking. Lactobacillus genus became abundant

after sorgo soaking step.

Fungi or Yeast: Epicoccum was predominant at
the beginning of sorghum soaking, and
Cyberlindnera and Pichia at the end.

Pang et al. (2020)
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Fermented Investigating the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were Wang, Huang,
rains diversity and the dominant phylum.
g . Y Platform: Illumina MiSeq platform il Huang (2021)
evolution of . G .
. ) . ) Bacillus, Lentibacillus, Kroppenstedtia,
microbial community HTS: V3-V4 and fungal internal . .
. . . ) Oceanobacillus, and Lactobacillus were
in zaopei samples transcribed spacer (ITS) 1 regions of the .
) . abundant in all rounds.
(fermented cereals rRNA were amplified using forward and
that are placed inside  reverse primers with barcodes.
the pit cellar for ) . )
alcohol fermentation Quality control: QIIME (v1.8.0) II:ungl1 orh Yleast: Ascomycota was the dominant
- unga um.
and formation of  Database: Silva 128/16S trRNA and ITS = 70
flavoring databases @~ were  clustered  using Thermomyces, Byssochlamys, Thermoascus,
compounds) from USEARCH v7.1. unclassified o Eurotiales, and Aspergillus.
individual stacking-
fermentation rounds
Fermented Evaluating the Metataxonomic sequencing: Bacteria: Virgibacillus, Kroppenstedtia, Zhang et al.
grains and environmental ) Bacillus, and Oceanobacillus were predominant  (2021b)
. . C Platform: MiSeq benchtop sequencer . o .
environmental — microbiota in in the initial fermentation.
microbiota community HTS: Bacteria: V3-V4 hypervariable

assembly, the sources
of microbiota and the
ecological processes
of the fermentation
were characterized
by the sauce-flavor
Baijiu

region of the 16S rRNA gene was
amplified using the universal primer sets
338F and 806R. Fungi: The internal
transcribed spacer (ITS 2) region was
amplified with primers ITS3 and ITS4

Quality control: QIIME v.1.9.1

Database: Silva 132 16 S rRNA database
with a QIIME-based wrapper of RDP-
classifier (v.2.2) and BLAST search
against the UNITE fungal ITS database

Lactobacillus was predominant after the initial
phase.

Pichia was predominant throughout the
fermentation process.
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125

Base liquor,

Determining the

Metataxonomic sequencing:

Bacteria: High initial temperature increased the Zhang et al.

heap fermented effects of initial , ) ) abundance of Lactobacillus and (2021c)
. . Platform: Illumina Miseq sequencing
grains, and pit  temperature on the Saccharomyces.
fermented sauce-flavor Baijiu ~ HTS: Bacteria: V3-V4 hypervariable
grains fermentation, both region of the 16S rRNA gene was
microbial community amplified using the universal primer sets
and metabolic 338F and 806R with adapter and barcode
profiles. sequences. Fungi: internal transcribed
spacer (ITS 2) region was amplified with
primers ITS3 and ITS4
Quality control: processed via QIIME
v.1.9.1
Database: Silva 132 16 S rRNA database
and UNITE fungal ITS database
JIUYAO Evaluating the Metataxonomic sequencing: Bacteria:  Pediococcus, Enterobacter, and Chen et al. (2020)
(starter used microbial Weissella were the dominant genus of bacteria.

for Huangjiu
rice wine)

communities found
in JIUYAO from
different Chinese
province

Platform:  Illumina  MiSeq

throughput sequencing platform

high-

HTS: V3—V4 regions of the 16S ribosomal
RNA (rRNA) was amplified with the 338F
and 806R. Internal Transcribed Spacer
(ITS) regions of fungal was amplified with
ITS5F and ITSIR primers

Quality control: QIIME analysis platform,
UCLUST

Database: Ribosomal Database Project
(RDP)

Fungi or Yeast: Rhizopus, Saccharomycopsis,

and Aspergillus were the dominant genus of
fungi.




Niandoubao Investigating the Metataxonomic sequencing: Bacteria: Enterobacterales and Lactobacillales Sun et al. (2023)
sourdough composition and order.
£ . P Platform: Illumina MiSeq platform
(fermented drivers of ] ]
. . ) ) Kosakonia, Enterobacter, Weissella,
proso millet Niandoubao HTS: V3-V4 region of the bacterial 16S .
. ) Lactococcus, Lactobacillus, Leuconostoc, and
food) sourdough rRNA gene with primers 338F and 806R. . :
. . ) i ) Pediococcus genera were dominant.
microbiota Fungal amplification primers were ITS3F
and ITS4R
Control quality: quality-filtered by fastp Fungi or  Yeast: Saccharomycetales,
v0.20.0, merged by FLASH v1.2.7, Pleosporales, Mucorales, Eurotiales,
clustered using UPARSE v7.1 unclassified ¢ __Sordariomycetes, and
) ) unclassified p _Ascomycota order,
Database: Silva database for bacteria and -
the UNITE database for fungi. Mucor, Saccharomyces, Alternaria,
unclassified p Ascomycota, and Aspergillus
genera were dominant.
Traditional Investigating the Metataxonomic sequencing: Bacteria: Lactobacillus and Weissella genera Yan et al. (2019)
type I microbial diversity of were dominant. LAB:

sourdough and  jiaozi and type |

jiaozi sourdoughs

Platform: not provided

HTS: The V3-V4 hypervariable regions of
all bacterial 16S rRNA genes were
amplified with primers 338F and 806R.
The fungi rRNA hypervariable regions
ITS2 were amplified with primers ITS1F
and 2043R.

Control quality: clustered with

97% similarity cutoff using UPARSE
v7.1, removed sequences
UCHIME.

chimeric

Fructilactobacillus sanfranciscensis, Weissela
fermentum,
Lactiplantibacillus plantarum and Pediococcus

cibaria, Limosilactobacillus

pentosaceus.

or_Yeast: Candida,

Alternaria, Aspergillus, Wickerhamomyces, and

Fungi Saccharomyces,

Penicillium genera.
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Database: Silva (SSU128) (16S rRNA)
and Unite 7.0 database (ITS).

Chinese Evaluating the Metataxonomic sequencing: Bacteria:  Pediococcus and Lactobacillus Zhao, Mu, Sun
traditional microbial diversity of ) ) ) genera. Lactobacillus brevis and Weissella (2019)
. Platform: Illumina paired-end sequencing .
sourdoughs 5 different confuse species.
sourdoughs and their  HTS: V3-V4 region of the 16S rDNA and
effects on potato ITS region were amplified respectively for
steamed bread the identification of bacteria and fungi Fungi  or  Yeast: Wickerhamomyces,
) Saccharomyces, Kazachstania, and Penicillium
Quality control: merged, filtered, and .
. genera. Wickerhamomyces anomalus,
clustered with UCLUST of QIIME .. .
Saccharomyces  cerevisiae,  Kazachstania
software v1.8.0. . .
humilis species.
Database: Silva and Unite
Fermented Investigating Metataxonomic sequencing: Bacteria: Fusobacteria, Deferribacteres, Aregbe, Mu, Sun
potato different Bacteriodetes, Actinobacteria, (2019)

pretreatment (high
hydrostatic pressure
(HFP), boiled (BFP),
and steamed (SFP))
before fermentation
on the microbial
diversity

Platform: Illumina Highseq protocol

HTS: V3-V4 region (Bacteria) and ITS
region (Fungi)

Quality control: UCLUST of QIIME
v1.8.0

Database: Silva and UNITE reference
gene

Pseudomonadota, Bacillota, and Cyanobacteria
are the phyla more present.

Acetobacter, Leuconostoc, Aeromonas,
Lactobacillus, Lactococcus, Gluconobacter,
Bacillus, Klebsiella, Weisella, and Nicotaiana

otophora were the genera more present.
BFP presented higher bacterial biodiversity.

3SFP: presented less fungal diversity; high
abundance of Weisella and Gluconobacter.
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Sourdough Assessment of fungal Metataxonomic sequencing Bacteria: Tissierella, followed by Urien etal. (2019)
ies diversity i L ) O bacillus, Pseud, and
sp;me: dlvefril y Hlla Platform: Titanium FLX pyrosequencing COAnOoBACIIS, FSCUdomonts
cotlection ot type (Roche technology Abyssivirga was the dominant genus.
sourdoughs made
with organic flour HTS: ITS1 rDNA region (primers pair
i ' NSA3/58A2R).
fr'om bakeries with ) Fungi or Yeast: Debaryomyces, Candida, and, to
dlffe.rent brea.d- Quality control: PRINSEQ tool and a lesser extent, Saccharomyces species were
making practices and  oppmE predominant in the fungal community.
from other French
regions. (v.1.8.0).
Database: UNITE (v.7.0) completed with
the sourdough strain sequences.
Sourdough Investigation of the Metataxonomic sequencing Microbial species present in the flour are mainly von Gastrow et al.
i ial di 1 in th h. h 2021
microbial dispersa Platform: Illumina MiSeq. n9t detected in the sourdough. Sourdoug ye.:asts (2021)
along the French did not come from flour, and probably neither
sourdough bread- HTS: V3—-V4 region of the bacterial 16S did sourdough LAB.
making chain. rRNA gene (primers pair 343F/784R) and
the ITS1 region of the fungi (primer pairs
ITS1-F/IATS2);
Quality control: dada2 (v.1.16) and
FROGS 3.2.2.
Database: SILVA (v.138) for bacteria and
UNITE (v.8.0) for fungi.
Chia Investigating the Metataxonomic sequencing: Bacteria: Enterococcus faecium, Enterococcus Maidana et al.
sourdough microbial Platform: Hlumina MiS mundltii, Weissella cibaria, and (2020)
development during atiorm: Hiumina ¥itseq Lacticaseibacillus ~ rhamnosus  were  the

natural chia dough
fermentation.

HTS: V3-V4 region of bacterial 16S
rRNA gene (primers pair 343F/802R).

Quality control: PANDAseq script

dominant species in the final fermentation
stages, while Bacillus and Clostridium were
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Database: Greengenes.

mainly present during the first fermentation
stages.

Zha-Chili Evaluating the Metataxonomic sequencing: Bacteria: Bacillota, Pseudomonadota, and Cai et al. (2021b)
bacterial diversity of ) . Actinobacteria were the dominant phyla.
. Platform: Illumina MiSeq sequencer
zha-chili samples ) .
. . Lactobacillus, Pseudomonas, Pediococcus,
from different HTS: V3-V4 region of 16S rRNA was .
) i ) ) Weissella, and Staphylococcus were the
regions amplified using forward primer 338F and .
) dominant genus.
reverse primer 806R.
Quality control: FLASH v1.2.7 and fastp
v0.20.0
Database:  Greengenes and SILVA
databases
Chili pepper Evaluating the Metataxonomic sequencing: Bacteria: Rosenbergiella and Staphylococcus Xu et al. (2021a)
(Capsicum bacterial and fungal ) ) genera.
. Platform: Illumina MiSeq platform
frutescens L.) during the
. ) ) Pantoea  was  present throughout the
manufacturing HTS: Bacteria: V3 and V4 hypervariable

process of fermented
chili pepper

regions of the bacteria 16S rRNA genes
were amplified with the primers 338F and
806R. Fungi: ITS region of fungal 18S
rDNA was amplified using a broadly
conserved primer set (the forward primer
ITS1 and the reverse primer ITS4.

Quality control: quality-filtered using the
Trimmomatic tool, merged using FLASH
software, clustered using Usearch v7.1.

Database: Silva and Unite v7.0 databases.

fermentation process.

Rosenbergiella and Pseudomonas decreased
after fermentation.

Staphylococcus, Curtobacterium,
Methylobacterium, Sodalis, Sphingomonas, and

Microbacterium increased after fermentation.

Fungi or Yeast: Alternaria, Stemphylium,
Cryptococcus, Candida, and Gibberella genera
for unfermented sample.
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Hyphopichia, Kodamaea, Meyerozyma,
Candida, and Debaryomyces genera for
fermented sample

Chinese
pickled chili
pepper
(Capsicum
frutescens L.)

Evaluating the
dynamics of flavor
changes and
microbial diversity
during the industrial-
scale fermentation of
pickled chili pepper

Metataxonomic sequencing:

Platform: Illumina MiSeq platform

HTS: Bacteria: full-length 16S rRNA (27F
and 1492R primers). Fungi: [TS regions of
the rRNA were amplified by using ITS9
and ITS4 primers

Quality control: Chimera was removed by
UCHIME and clustered by the UPARSE
algorithm (v7.0.1001) with USEARCH
v7.1.

Database: SILVA v123 and UNITE
database

Bacteria: Beginning of fermentation
(Ralstonia and Chromohalobacter genera

Ralstonia pickettii and Chromohalobacter
beijerinckii species).

End of fermentation (Lactobacillus genus and
amended:

Levilactobacillus brevis, Companilactobacillus
alimentarius, Companilactobacillus
versmoldensis, Levilactobacillus namurensis,
and Companilactobacillus  paralimentarius
species).

Fungi or Yeast: Beginning of fermentation

(Zygosaccharomyces, Candida, Wallemia, and
Eurotium genera, Zygosaccharomyces bisporus,
Candida sp. F15, and Wallemia ichthyophaga
species).

End of fermentation (Candida,
Zygosaccharomyces, and Pichia genera

Candida sp. F15, Zygosaccharomyces bisporus,
and S. bulderi species).

Ye et al. (2022)

Fermented soy  Evaluating soy sauce

sauce

produced using koji-

Metataxonomic sequencing:

Bacteria: Staphylococcus and Weissella were
the dominant bacterial genera.

Feng et al. (2023)
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making
(fermentation made

Platform: Illumina MiSeq platform

HTS: V4-V5 region of 16S rDNA of

Candida, Aspergillus, Zygosaccharomyce, and
Wickerhamiella were the dominant fungi

from grains or o ) genera.
. bacteria with 27F and 1492R primers
legumes using
Aspergillus oryzae)  1TS rDNA region of fungi with ITSI and
and moromi ITS4 primers
fermentation ) _
(immersing the Quality control: filtered with the QIIME
resulting koji in a vi8
brine solution and Database: EzBioCloud database
left to ferment for
several months up to
4 years).
Fermented soy  Evaluating the Metataxonomic sequencing: Bacteria: Weissella, Bacillus, Lactococcus, Liu et al. (2021b)
sauce bacterial . . Klebsiella, Pediococcus, Escherichia,
communities and the Platform: [llumina HiSeq 2500 PE250 Acinetobacter, Leuconostoc, Cronobacter, and
changes in soy sauce HTS: V3-V4 hyper-variable region of 16S Kushneria genera.
during fermentation  rRNA gene: 338F and 806R primers. The uncultured bacterium Weissella, uncultured
Quality control: FLASH software bacterium Acinetobacter, uncultured bacterium
(v1.2.7), Trimmomatic software (v 0.33), Lactococcus, and Leuconostoc
UCHIME software (v 4.2) pseudomesenteroides species.
Database: Not provided.
Doenjang Evaluating microbial ~Metataxonomic sequencing: Bacteria:  Bacillus,  Staphylococcus, and Chun et al. (2020)
(traditional abundances and ) ) , Clostridium were identified as major bacterial
. Platform: Illumina MiSeq paired-end
Korean communities of . genera.
fermented doenjang produced sequencing

soybean paste)

with 9%, 12%, 15%,
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and 18% solar salt

HTS: 341F/ 805R primers targeting

Fungi or Yeast: Aspergillus, Scopulariopsis,

concentrations bacterial 16S rRNA genes Fusarium, Mucor, and Penicillium were
) identified as major fungal genera.
3271-ITS2F  /3271-ITS2R targeting
fungal internal transcribed spacer (ITS) Weissella, Tetragenococcus, Oceanobacillus,
regions and Debaryomyces were major groups in low-
) salt doenjang.
Quality control: VSEARCH program
available in Qiime2 plugin software
package ver. 2018.4
Database: Silva (silva-119-99-nb-
classifier) and UNITE databases
(unite-ver7-99-classifier-01.12.2017).
Da-jiang Understanding the Metagenomic shotgun sequencing: Bacteria: Bacillota and Pseudomonadota Xie et al. (2020)
(fermented role‘ of bacteria Platform: Tllumina Hiseq2500 phylum.
soybean paste)  during the )
. . Leuconostoc, Acinetobacter, Enterobacter,
fermentation of da- Quality control: mapped to Soybean
Enterococcus, Pantoea, Lactococcus,

jiang

genomes by SOAPaligner (v2.21), predict
assembled software Meta-GeneMark
(v2.10), clustered using CD-HIT

Database: BLAST (v2.2.28+), (KEGQG),
database

Lactobacillus, Pseudomonas, Staphylococcus,
Tetragenococcus, and Weissella genera.

Leuconostoc ~ mesenteroides,  Leuconostoc
citreum, Leuconostoc lactis, Lactococcus lactis,
Acinetobacter Iwolffii, Acinetobacter johnsonii,
Enterobacter sp. 638, Enterococcus faecium,

and Enterococcus faecalis species.

Shuidouchi
fermented
soybean

Evaluating the
microbial diversity of

Metataxonomic sequencing:

Platform: Illumina HiSeq2500 platform

Bacteria:  Bacillota, Bacteroidetes, and

Pseudomonadota were the predominant phyla

Chen et al. (2019a)
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Shuidouchi from
different producers

in southwest China

HTS: V4 region of 16S rRNA genes were
amplified using specific primer (515F and
806R)

Quality control: Clusted with QIIME (V
1.7.0)

Database: QIIME (V 1.7.0)

Bacillus, Bacteroides, and Lactobacillus were
genera more predominant.

Natural
fermented
plain sufu
(Chinese
fermented
soybean curd)

Exploring core
functional microbiota
during the production
of plain sufu.

Metataxonomic sequencing:

Platform: Illumina MiSeq platform

HTS: V3-V4 domains of 16S rDNA of
bacteria (341F and 806R primers) and the
ITS1 rDNA regions of fungi (its1 and its2
primers)

Quality control: fitered using QIIME
(v1.8.0), merged using FLASH software
(ver.1.2.11), clustered USEARCH
software (ver.7.0.1090)

Database: RDP Classifier (v2.2) trained on
the Greengenes and the UNITE database
for annotation of bacterial and fungal
species, respectively.

Bacteria: Bacillota, Pseudomonadota,
Cyanobacteria, and Bacteroidetes phyla

Bacillus, Enterobacter, Lactobacillus,
Sphingobacterium, Stenotrophomonas,
Tetragenococcus, Trabulsiella, Unclassified,
and Weissella genera (| during the time of
fermentation).

Fungi or Yeast: Alternaria, Sterigmatomyces,

Actinomucor, Fusarium, Debaryomyces,
Candida genera.

He and Chung
(2020)

Kinema
(fermented
soybean of
Sikkim
Himalaya)

Evaluating the
microbial diversity of
Kinema

Metagenomic shotgun sequencing:

Platform: Illumina Hiseq 2500 platform

Quality  control: CLC  genomics
workbench

Bacteria:  Bacillota, Actinobacteria, and
Pseudomonadota phylum.

Bacillaceae, Staphylococcaceae, and
Enterococcaceae family.

Bacillus, Staphylococcus, and Enterococcus
genera.

Kumar et al. (2019)
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Database: KEGG Orthology (KO) and
Clusters of Orthologous Group of Proteins
(COGs) database

Bacillus sp.: B. subtilis, B. amyloliquefaciens,
B. licheniformis, and B. cereus species.

Enterococcus faecalis, Staphylococcus
saprophyticus, E. casseliflavus, and E. faecium
species.

Chinese horse  Studying microbial Metataxonomic sequencing: Bacteria: Bacillus sp., Staphylococcus sp., Lu etal. (2020b)
bean-chili- community during Platform: Ilumina Mi Oceanobacillus sp., Candida sp.,
paste the three atiorm- Humiha Yiiseq sequencet Zygosaccharomyces sp., and Aspergillus sp.
(doubanjiang) fermentation phase HTS: 16S rDNA of bacteria (338F and dominated the Ist phase.
806R . primers) and fungal internal Bacillus p.. Candida p. and
transcribed spacer (ITS1F/2043R . .
. Zygosaccharomyces sp. were dominant in the
primers) 2sd and 3sd phases.
Control quality: filtered and optimized by
software FLASH, chimera sequences were
removed QIIME Pipeline
Database: RDP classifier Bayesian
Low-salt Evaluating the Metataxonomic sequencing: Bacteria: Bacillus and Staphylococcus genera Yang et al. (2021a)
doubanjiang microbial dynamic _ i . .
. Platform: Illumina MiSeq platform Enterobacter, Prevotella, Erwinia, Trabulsiella,
(broad bean changes during i ]
.. . . Klebsiella, Cronobacter, and Acinetobacter
paste) fermentation in HTS: V3-V4 regions of bacterial 16S . :
. . . . genera (1 with | salt concentration).
fermentation different salt rRNA genes and ITS2 region of fungi

concentrations

Quality
clustered
chimeras
v4.2.40

control: FLASH (v1.2.11.),
using USEARCH v7.0.1090,
removed using UCHIME
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Database: UNITE and Greengene for
genera annotation

Pixian Evaluating the Metataxonomic sequencing: Bacteria: Cupriavidus, Burkholderia- Yang et al. (2021b)
Doubanjiang microbial community ) ) . Caballeronia-Paraburkholderia, Paucibacter,
.. Platform: Illumina MiSeq platform with .
of Pixian ] ) and Sphingomonas genera.
.. MiSeq Reagent Kit v3
Doubanjiang
HTS: bacteria and fungi
lit rol: clustered by UCLUST Fungi or Yeast: Saccharomycetales,
Quality control: clustered by Issatchenkia, Pichia, Cladosporium, and
Database: Greengenes and UNITE Sterigmatomyces.
Pixian Evaluating the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota Zhang et al. (2020)
Doubanjiang dynamic changes in phylum.

the bacterial
community during
the natural
fermentation

Platform: Illumina Miseq sequencing

HTS: The V4-V5 region of 16S rDNA
genes was amplified with universal
primers 515F and 909R for bacteria.

Internal transcribed spacer (ITS) regions
were amplified with the primers [TS4 and
ITS3_KYO?2 for fungi

Quality control: filtered by UCHIME
(v4.2.40), clustered utilizing UPARSE
software

Database: RDP classifier

Bacteroidetes phyla were stable throughout the
process.

Lactobacillus and  Bacillus decreased
throughout maturation

Escherichia-Shigella  increased  throughout
maturation.

Fungi or Yeast: Ascomycota, Basidiomycota,
Zygomycota, and Rozellomycota phyla.

Penicillium, Wickerhamomyces, Cladosporium,
Millerozyma, Alternaria, Mucor, Yamadazyma,
and Aureobasidium genera.
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Traditional
Chinese Fish
Sauce

Evaluating the
dynamic changes in
the bacterial
community during
the natural

Metataxonomic sequencing:

Platform: Illumina MiSeq platform

HTS: V3-V4 regions of the bacterial 16S
rRNA gene with primer 338F and the

Bacteria: Bacillota and Pseudomonadota phyla
Pseudomonadota phylum | during fermentation

Bacillota phylum 1 during fermentation.

Du et al. (2019)

fermentation reverse primer 806R
Quality control: filtered with the Halanaerobium, Shev.var.tella, Bac.lllus,
) . Tetragenococcus, Vibrio, Gallicola,
Trimmomatic software (v0.36), merged Photobacter: Pseud d
with the FLASH software, clustered using P ° Z a; e:mm’ seudomonas, an
UPARSE (v7.1), and chimeric sequences syehrobacter geneta.
removed using UCHIME
Database: Silva (SSU123) 16S rRNA
database
Thai fish sauce  Evaluating the Metataxonomic sequencing: Bacteria: Pseudomonadota, Actinobacteria, Ohshima et al.
dynamic changes in Platform: Ilumina MiS ¢ Euryarchaeota, and Fusobacteria phyla were (2019)
the bacterial atiorm: Hitmina Mirseq system found at the end of fermentation.
community during HTS: The bacterial 16S rRNA gene with ) . .
i ) Halanaerobium sp. was predominant during the
the natural primer 515F and the reverse primer 806R .
i fermentation.
fermentation i T .
Quality control: Trimmomatic Lentilactobacillus sp., Halomonas sp., and
Database: RDP classifier and Greengenes Tetragenococcus were found during the
ver. 13 8 fermentation.
Pla-ra (natural  Investigating the Metataxonomic sequencing: Bacteria: 12 genera of bacteria were detected, Phewpan et al.
Thai fi i ial diversi ith i f T ., (2019
ai fermented microbia d1V§rs1ty, Platform: Illumina MiSeq system with dominance o etragenocz')ccus spp., ( )
freshwater fish  glutamyl peptide Staphylococcus spp., and Lactobacillus spp. Of
product) profiles, and the HTS: V4 region of 16S rRNA (515F the 18 glutamyl peptides analyzed, 17 were
relationships found, although the amounts detected were

between them in

and 806R primers)

below the taste threshold. In the analysis of
principle components, the relationship between




Thai fermented fish ~ Quality control: FASTQ and Mothur microorganisms and the generation of glutamyl
products. v1.36.1 peptides was observed, mainly between
Database: Greengenes (v. 13_827) Tetragenoc?ccus spp. and Lentibacillus spp. and
the generation of y-Glu-Val-Gly.
Fermented fish Exploring the Metataxonomic sequencing: Bacteria: The bacterial communities were rich, Sirichoat et al.

(pla-ra)

microbial community
composition
(bacteria and fungi)
of fermented fsh
(pla-ra) from
Northeast Thailand.

Platform: Illumina MiSeq

HTS: 16S rRNA gene (all variable
regions, V1-V9: Bacteria) and the nuclear
ribosomal ITS regions (ITS1 and ITS2:
Fungi).

Quality control: QIIME software (v. 1.7.0)
and FASTQ Toolkit (v. 2.2.0; [llumina)

Silva database and ITS1/2
UNITE project

Database:
reference sequences
database (v. 7.2)

comprising 402 genera from 28 phyla, including
Tetragenococcus, Staphylococcus,
Virgibacillus, Lactobacillus, and Lentibacillus.
The fungal communities comprised 7 phyla and
60 genera, such as Heterobasidion, Densospora,
Exophiala, and Monascus. Odor-association
analysis  revealed that  Brevibacterium,
Brachybacterium, and Chromohalobacter were
more abundant in the weak-odor group, while
Noviherbaspirillum was more abundant in the

strong-odor group.

(2022)

Fermented
mandarin fish

Evaluating diversity
and succession of
microbial
communities in
fermented samples of
S. chuatsi.

Metataxonomic sequencing:

Platform: 1llumina HiSeq 2500 platform

HTS: 16S rRNA - V4 region, primers:
515F and 806R

Quality control: FLASH (v. 1.2.11)
software, UPARSE (v. 7.0.1090) software,
and QIIME (v. 1.8.0).

Database: RDP Classifier v2.2 and
Greengenes database (v. 201305)

Alcohols, nitrogen compounds, aldehydes, and
esters were the main flavor components, and
three microbial genera (Psychrilyobacter,
Fusobacterium, and Acidaminococcus) were
closely associated with producing these
components. These microorganisms formed
characteristic flavor substances such as linalool,

trimethylamine, indole, and Geranyl acetate.

Shen et al. (2021)

Fermented
mandarin  fish

Investigating and
comparing three
typical fermented

Metataxonomic sequencing:

Platform: Illumina HiSeq 2500 platform

Bacteria: Psychrilyobacter, Fusobacterium, and
Vibrio were the most dominant in the HF-, MF-
, and OF-fermented products, respectively.

Wang et al. (2021a)
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(Siniperca
chuatsi)

mandarin fish
products concerning
bacterial profiles and
flavor compounds.

HTS: 16S rRNA, V4 region: primers 515F

and 806R

Quality control: UPARSE (v. 7.0.1090)

software.

Database: RDP Classifier

v2.2 and

Greengenes database (v. 201305).

Several bacteria correlated with the production
of important flavor compounds, and three
genera (Arcobacter, Psychrilyobacter, and
Shewanella) were the primary microorganisms
contributing to more than six characteristic
flavor compounds in fermented mandarin fish
products.

Chouguiyu
(traditional
Chinese
fermented fish)

Investigating the
evolving microbiota
during Chouguiyu
fermentation

Metataxonomic sequencing:

Platform: Illumina Hiseq 2500 platform

HTS: V4 region of bacterial 16S rRNA:

primers 515F and 806R

Quality control: Qiime (v. 1.7.0)

Database: RDP Classifier (v2.2) and the

GreenGene database

Redundancy analysis showed the relationships
between evolving microbiota and the formation
of Chouguiyu's aroma and taste, and
Psychrilyobacter was identified to be the most
important bacterial genus contributing to flavor
and aroma

development, followed by

Fusobacterium, Arcobacter, and
Oceanisphaera. These genera were positively
correlated with Glu, Met, Tyr, Pro, linalool,
piperitone, indole, TBARS, TVB-N, and TCA
and influenced the flavor and aroma of the

Chouguiyu.

Yang et al. (2020)

Suan yu
(Chinese
traditional
fermented fish)

Investigating
microbial community
diversity and
dynamics during
Suan yu fermentation
and examining the
influence of mixed
starter culture
inoculation on the

Metataxonomic sequencing:

Platform: Illumina HiSeq

HTS: V3-V4 region of the bacterial 16S
rRNA: primers 338F and 806R. ITSI
region of the fungi: forward primer ITS1F

and the reverse primer ITS1R

Quality control: FASTX- Toolkit

Database: Silva databases using the RDP

Bacteria: Bacillota and Ascomycota were the
predominant phyla of bacteria and fungi,
respectively, in all samples. Lactobacillus,
Macrococcus, and Staphylococcus were the
predominating  bacteria  throughout the
fermentation process, regardless of the inclusion
of starter cultures.

Fungi or Yeast: Saccharomyces was the

predominating fungal genus in the -early-
fermentation stage of samples that inoculated

Zang et al. 2018
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microbial
community.

starter cultures (MS), while Candida and
Wickerhamomyces dominated the final product.
Compared with naturally fermented samples
(NS; no starter cultures), Lactococcus,
Leuconostoc, Enterococcus, Vibrio, Fusicolla,
and  Torulaspora were inhibited, and
Aureobasidium emerged in samples inoculated
with starter cultures.

Thai traditional
fermented
shrimp paste

Demonstrating the
difference in
microbial community
structure in shrimp
pastes collected from
various production
regions in Thailand.

Metataxonomic sequencing:

Platform: Illumina MiSeq system

HTS: V4 region of 16S rRNA (515F and
806R primers)

Quality control: USEARCH (v. 8.01623),
Mothur (v.1.36.1), and QIIME

(v. 9.1.1).

Database: Greengenes (ver. 13_8)

Bacteria: Salimicrobium spp. (53.6%) and
Salinicoccus spp. (44.0%) were the major
population.  Alkalibacterium, Macrococcus
caseolyticus, Jeotgalicoccus psychophillus, and
Staphylococcus spp. became visible. M.
caseolyticus and J. psychrophilus were detected
for the first time in shrimp paste products. Then,
in the one-month fermented sample,
Lentibacillus spp. was 3.3%. In a two-month
fermented sample, Lentibacillus spp. was solely
the most abundant microorganism. From
aminopeptidase genes analysis, the abundance
of Salinococcus spp. during preparation and
Lentibacillus spp. while fermentation may relate
to the good flavor quality of shrimp paste.

Phewpan et al.
2020

Chinese
Sichuan
sausages

Evaluating the
microbial community
diversity and
succession of
Sichuan Chinese
sausages during

Metataxonomic sequencing:

Platform: Illumina Miseq

HTS: V4 16S rRNA gene regions: primers
515F and 806R. 18S rRNA region of the

fungi: universal primers V43NDF and
Euk V4 R.

Bacteria: Lactobacillus spp., Weissella spp., and
Pediococcus spp. were the dominant bacterial
genus.

Wang, Wang, Zhao
(2019)
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spontaneous Quality control: UPARSE software.

fi tation. .

ermentation Database: not provided
Chinese Evaluating the Metataxonomic sequencing: Bacteria: Pediococcus spp., Lactobacillus spp., Wang et al. (2021b)
Cantonese effects of starter. Platform: Tllumina Miseq and S.laphylococcus spp. were the dominant
sausages culture on bacterial bacterial genus.

community diversity HTS: V3-V4 16S rRNA gene regions:

and food safety of primers 515F and 806R.

Cantonese Chinese Quality control: UPARSE software.

sausages.

Database: not provided
Harbin dry Evaluating the effect Metataxonomic sequencing: Bacteria:  Weissella,  Lactobacillus, and Chen etal. (2019b)
sausage of the sodium ) . Staphylococcus were more present at day 0
. Platform: Illumina Miseq platform
substitutes on the )
. . Lactobacillus and Staphylococcus at day 6

physical and HTS: V3-V4 region of the 16S rRNA

microbial properties  gene: 338F and 806R primers. Lactobacillus  and  Staphylococcus — genus

and sensory . . increased during the fermentation process.

characteristics in Quality control: QIIME 2.1 analysis

low-sodium Harbin platform.

dry sausages during  Database: Silva database

12 days of

fermentation
Pickles Evaluating microbial Metataxonomic sequencing: Bacteria: phyla most found in samples in Anetal. (2021)

diversity in
household and
industrial products.

Platform: [llumina MiSeq platform

HTS: V3-V4 hypervariable regions of the
bacteria 16S rRNA gene: primers 338F
and 806R.

Fungal 18S sequences with the primers
SSUO0817F and SSU1196R.

descending order: Bacillota, Pseudomonadota,
Cyanobacteria, Bacteroidetes, and

Actinobacteria.
All samples contained LAB.

Lactobacillus and  Weissella were the

microorganisms more abundant.




Quality control: clustered using UPARSE
(v7.1) and chimeric sequences removed
using UCHIME (v4.2)

Database: Ribosomal Database Program

Fungi or Yeast: The phylum Ascomycota (fungi)
was present and predominated in all the
samples.

Pichia, Hanseniaspora, and
unclassified Saccharomycetaceae were yeast
that were more present.

Chinese spicy
cabbage

Analyzing the
microbial diversity of
Chinese spicy
cabbage (n=24,
homemade or sold in

Metataxonomic sequencing:

Platform: Illumina HiSeq platform

HTS: V3-V4 region of the 16S rRNA
gene: 343F-5 798R primers.

Bacteria: Bacillota, Pseudomonadota, and
Bacteroidetes were the dominant bacterial
phyla.

Lactobacillaceae,  Leuconostocaceae, and
Enterobacteriaceae were the dominant family.

Chang et al. (2022)

the market) i T )
Quality  control: Trimmomatic software Lactobacillus, Panthenia, and Weisella were the
(v0.35), FLASH software (v1.2.11), and .
dominant genus.
QIIME software (v1.8.0).
Database: Silva database (v132)
Idli (traditional Investigating the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were Kavitake et al.

cereal-legume-
based

complete microbial
community profile of

Platform: Illumina HiSeq 2500

the predominant bacterial phyla.

Lactococcus, Weissella, Lactobacillus,

(2022)

fermented traditionally prepared HTS: V3-V4 region of the 16S rRNA )
. i Enterococcus were the main genus.

food) ethnic fermented gene: 341F and 518R primers.

food (Idli) at various ]

stages of batter Quality control: QIIME software (v1.9).

fermentation. Database: RDP Classifier (v2.2) and the

GreenGene database (v13.8).

Idli Exploring the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were Mandhania et al.

diversity of the batter
by culture-dependent

Platform: Illumina MiSeq platform.

the dominant phyla.

(2019)
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and independent
methods

HTS: V3 region of the 16S rRNA gene:
341F and 518R primers.

Quality control: FLASH, Mothur, QIIME
w1.7).

Database: Silva database (v132).

Suancai Determining the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were  He et al. (2020)
(Traditional effect of temperature Platform: Tllumina HiSeq 2500 the dominant phyla. Lactobacillus, Serratia,
fermented on the volatile flavor atform: Hiumina Hiseq Leuconostoc, Pseudomonas, Pediococcus, and
vegetable) compounds (VFCs) ~ HTS: V3-V4 region 338F and 806R others were the main genus.
and the bacterial primers.
community during ) i
the fermentation Quality control: not provided
process. Database: not provided
Suancai Investigating the Metataxonomic sequencing: Bacteria: Bacillota and Pseudomonadota were Liang et al. (2020)

effect of salt
concentration on
microbial diversity
during suancai
fermentation.

Platform: Illumina HiSeq 2500

HTS: V3-V4 bacterial region: 338F and
806R primers. ITS1 region of the fungi:
ITS1F and ITS2 primers.

Quality control: FLASH (v1.2.11),
Trimmomatic (v0.33), UCHIME (v8.1)
and USEARCH (v10.0).

Database: Silva and Unite databases.

detected as the main phylum. Lactobacillus was
the dominant genus and was not affected by salt
concentration.

Fungi or Yeast: Ascomycota was the dominant
phyla.
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Table 4. Microbial communities in other foods using omics techniques.

Sample Study aim Methods used Insightful results Reference
Cocoa Assessment of taxonomic Metagenomic shotgun sequencing: Yeasts and filamentous fungi shaped the = Almeida et al.
and functional aspects of ) bacterial succession. (2020)
the microbial succession in Platform: Illumina NextSeq 500 platform.
cocoa fermentation. Quality control: Trimmomatic tool.
In addition, Quorum Sensing (QS) and
Database: Quorum Quenching (QQ) activity may
1) Taxonomic assessment in QIIME: SILVA modulate bacterial ~dominance at
(v.132) for bacteria and UNITE (v.8.0) for different ~ time  points  during
fungi. fermentation.
2) Taxonomic assignment in MetaPhlan2
3) Annotation of functional repertoire:
UniRef90 database
Cocoa Evaluation of the microbial Metagenomic and Bacteria: The major players were Verce etal. (2021)
diversity and behavior . . ) Limosilactobacillus ~ fermentum and
during cocoa fermentation Metatranscriptomic sequencing: Lactiplantibacillus plantarum among
on three Costa Rican cocoa  Platform: Illumina HiSeq 2500. LAB, Acetobacter pasteurianus, and
fermentation processes. Acetobacter ghanensis among acetic
Quality control: FastQC (v.0.11.3) and 4.id bacteria (AAB).
PRINSEQ (v.0.20.2).
Database:  BLAST  algorithm  blastn.
DIAMOND was used to compare the Fungi or Yeast: Hanseniaspora
metagenomic sequence reads to the NCBI opuntiae and Saccharomyces cerevisiae
non-redundant protein database (NCBI-nr; dominated.
Cocoa Investigating microbial Metataxonomic sequencing: Bacteria: Jatumella species (mainly 7. Papalexandratou et

succession and sensorial
characteristics during
Nicaragua fermentations of

Platform: Illumina MiSeq

terrea and T,  punctata) were
predominant at the onset of all
fermentations, followed by unusually
late (generally 2 days into the

al. (2019)
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single and blended cocoa
types.

HTS: V3 region of bacterial 16S rRNA genes
and the ITS2 region of the fungi;

Quality control: fastq_mergepairs and
fastq_filter scripts using USEARCH (v10).

Database: Greengenes (v.13.8) for bacteria
and UNITE (v.7.0) for yeasts.

fermentations) appearance of
Limosilactobacillus fermentum.
Acetobacter spp. was predominant
among AAB during all fermentations,
but Gluconobacter spp. was involved in
some single-variety fermentations.

Cocoa Evaluating microbial Metagenomic shotgun sequencing: Bacteria: Lactobacillus, Agyirifo et al.
communities in the cocoa ) . Gluconacetobacter, Acetobacter, and (2019)
. Platform: Illumina Hiseq 2000. .
bean fermentation. Gluconobacter were the dominant
Quality control: FASTQC tool (v0.11.2) and genera identified.
MG-RAST (v.3.5).
Database: M5NR protein database, SEED
non-redundant database, KEGG
Coffee Evaluating the microbial Metataxonomic sequencing: Bacteria: The bacterial community was Elhalis, Cox and
ecology in the fermentation Platform: Tllumina MiS mainly composed of aerobic mesophilic Zhao (2020)
of Australian coffee beans. atform: lllumina MiSeq. bacteria (AMB), with Citrobacter being
HTS: V3-V4 region of bacterial 16S rRNA the dominant genus. Leuconostoc
gene (primers pair 341F/806R) and fungal ITS mesenteroides and Lactococcus lactis
region (primers pair ITS1F/ITS2); were the dominant among the LAB.
Quality control: PEAR (v.0.9.5), QIIME
(V'fl -8), USEARCH (v.7.1.1090) and UPARSE Fungi or Yeast: Hanseniaspora uvarum
software. and Pichia kudriavzevii were dominant.
Database: Greengenes.
Fermented Investigating the microbial =~ Metataxonomic sequencing: Bacteria: Lactobacillus, Zhong et al. (2021)
sour meat composition and volatile Staphylococcus,  Kodamaea,  and
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flavor changes during the
fermentation of sour meat
and exploring the
correlation between
traditional flavors of this
product and its microbial
community.

Platform: Illumina MiSeq PE300 /NovaSeq
PE250 platform.

HTS: V3-V4 region of the bacterial 16S
rRNA gene (primers pair 338F/806R) and the
ITS1 region of the fungi (primers pair
1737F/2043R).

Quality control: fastp (v.0.20.0), FLASH
(v.1.2.7),

UPARSE (v.7.1).
Database: SILVA (v.138).

Yarrowia were the dominant microbial
genera correlated with the changes in
most flavor substances.

Hakarl Identifying microbial PCR-DGGE analysis and Metataxonomic Bacteria: Tissierella, Pseudomonas, Osimani et al. (2019)
(traditional  species present in ready-to-  sequencing: Oceanobacillus,  Abyssivirga  and
Icelandic eat hakarl. Lactococcus were predominant genera

Platform: [llumina MiSeq.
fermented
fish) HTS: V3-V4 region of bacterial 16S rRNA .

genes and D1/D2 region of fungal 26S rRNA Fungi or Yeast: Candida,

gene. Debaryomyces, and Saccharomyces

were predominant genera.

Quality control: QIIME (v.1.9.0) and

USEARCH software (v.8.1).

Database: GenBank and Greengenes.
Dry-cured  Evaluating the diversity and Metataxonomic sequencing: Bacteria: Bacillota, Pseudomonadota, Zhang et al. (2021a)
fish dynamics of the microbial and Actinobacteria were the dominant

community in vacuum-
packed dry-cured fish
during storage under two
different temperatures and
the correlation between

Platform:
platform

Illumina HiSeq NovaSeq6000

HTS: V4 region of bacterial 16S rRNA genes
(primers pair 515F/806R).

Quality control: FLASH (v.1.2.7) and QIIME
(v.1.9.1).

phyla, and Staphylococcus,
Macrococcus, and Acinetobacter were
the dominant genera throughout the
storage process.
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lipids oxidation and Database: Greengenes.
microbial profiles.
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5.2 CAPITULO DE LIVRO - Bioaccessibility of phenolic compounds in fermented native fruit
(Abordagem metodoldgica aceita como capitulo de livro na segunda edi¢ao do livro Methods and

Protocolos in Food Science).

Chapter on " Basic Methods and Protocols for Assessing the Bioaccessibility of Compounds in
Foods and Byproducts"

Bioaccessibility of phenolic compounds in fermented native fruit
Dear Torres

Thank you for submitting your revised chapter to Methods and Protocols in Food Science series
as part of the above cited book.

| am pleased to inform you that your revised chapter has been accepted for publication.

My comments, and any reviewer comments, are below.

Reviewer 1
Authors have improved the revised version. It can be accepted.

Your accepted chapter will be transferred to our Springer production department once we
have the attached forms signed by you since you are indicated as the correspondence
authors.

In the form, please inform the first field the full name of all authors.
Once we have the proof, you will be asked to carefully check.

If we need additional information from you during the production process, we will contact you
directly.
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Abstract

Native fruits are gaining popularity in national and international markets, attributed to their unique
flavors and health benefits due to high bioactive concentrations, especially phenolic compounds.
The fermentation process of native fruits such as mangaba and bacaba have been highlighted, as
they are rich in vitamins and minerals and contribute a considerable quantity of flavonoids, phenolic
acids, and stilbenes. More interesting than just evaluating the content of phenolic compounds
present in food matrices is determining bioaccessibility through in vitro digestion simulations, and
it i1s important to know the fraction of the compounds that are biotransformed by these
microorganisms to better understand the potential of these products as functional foods. This chapter
details the methodology for extracting phenolic compounds from fermented native fruits and

analyzing simulated gastrointestinal digestion to evaluate phenolic bioaccessibility.

Keywords: In vitro digestion. Bioaccessibility. Bioactive compounds. Vegetable matrices.

Fermentative process.

1. Introduction

Brazil has a large biodiversity of underexplored native fruits that have attracted increasing
interest given their technological and agroindustrial potential, high nutritional value, and unique
color, flavor, and aroma characteristics [1]. Despite the potential of many native fruits, their
perishability limits their wider distribution, and due to seasonality, their consumption is mainly
based on derived products, such as pulp [2].

Fruits native to the Amazon region, such as bacaba (Oenocarpus bacaba Mart.), and to the
Caatinga Biome, such as mangaba (Hancornia speciosa Gomes), stand out for their richness in
vitamins and minerals and contribute a considerable quantity of phenolic compounds, such as
flavonoids, phenolic acids, and stilbenes [1, 3, 4]. Due to their rich composition, native fruits can
be combined with probiotics to enhance their technofunctional properties [2, 5]. This growing
interest reflects consumer demand for non-dairy probiotic products, driving research into alternative
carriers, particularly plant-based matrices, which offer additional health benefits attributed to their
phenolic compounds. This shift is driven by factors such as lactose intolerance, milk protein
allergies, and the increasing adoption of plant-based diets [6].

Studies have shown that fermenting fruit pulps with probiotics can contribute functional
ingredients and extend the shelf life of the fruit [1, 4, 5, 7, 8, 9, 10]. Fermentation processes can be
an effective strategy to increase the bioaccessibility of polyphenols and the antioxidant levels of
fruit and vegetable products and are relevant for the reuse of fruit components (usually wasted after
processing) with sufficient biological value, indicating a safe consumption history [8]. Thus,

probiotic cultures employed during the fermentation process are capable of biotransforming the
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phenolic compounds present in fruits and their derivatives. This transformation may lead to the
release of phenolic compounds conjugated with other components of the food matrix, resulting in
metabolites with enhanced bioactivity compared to their original forms [11].

Phenolic compounds contribute health benefits by exerting antioxidant, anti-inflammatory,
and anticancer activities. These compounds can act locally or systemically to benefit health. At the
local level, they act directly throughout the passage through the gastrointestinal tract, and at the
systemic level, the compounds act after absorption [12]. Therefore, more interesting than just
evaluating the content of phenolic compounds present in food matrices is determining
bioaccessibility [13], as it is crucial to estimate the impact of gastrointestinal digestion on
subsequent measurements of phenolic compound bioavailability [14].

Factors that can influence bioaccessibility and should be considered, such as factors that
cause variations in the content of phenolic compounds throughout exposure to different stages of
digestion, which may be a result of some physical and biochemical properties of the gastrointestinal
tract, with emphasis on changes in pH, enzymatic activity and temperature [14]. Other factors such
as the chemical structure of the compounds, the complexity of the food matrix, the presence of
fibers, protein content and their possible molecular interaction with phenolic compounds, as well
as the presence of absorption inhibitors or enhancers, type, and quantity of other compounds
ingested, physiological state and time of gastric emptying or intestinal transit also influence the
bioaccessibility of phenolic compounds [7].

Studies report that acidic pH, combined with enzymatic activity during gastric digestion,
can induce the hydrolysis of some phenolic compounds bound to other food constituents, thereby
increasing the phenolic content. Gastric digestion can also reduce the content of phenolic
compounds, possibly due to changes in their molecular weight, solubility, and chemical structure
[15]. In turn, alkaline conditions can exert a variable influence on the content of phenolic
compounds. The alkaline conditions used to simulate the intestinal phase can favor the release of
phenolic compounds bound to macromolecules, such as proteins and fibers [14,15]. In contrast,
other authors have observed significant decreases in the content of phenolic compounds after
intestinal digestion [14].

Methodologies used to assess the bioaccessibility of phenolic compounds include in vivo
models, which involve studies with animals and humans, as well as in vitro models, such as
simulated digestion of the gastrointestinal tract. Several in vitro methodologies have been developed
to simulate the conditions of the gastrointestinal tract, enabling the investigation of the effect of the
food matrix on the bioaccessibility of phenolics. This approach aims to obtain results that support
the biological relevance of these compounds in the context of nutrition and health [7]. In vitro
gastrointestinal digestion, which includes the oral, gastric, and intestinal phases, simulates some

biological (gastric and pancreatic enzymes) and chemical (pH, temperature, and bile salts)
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gastrointestinal conditions, as well as assessing how stable and absorbed the phenolic compounds
are and whether there is a change in antioxidant activity during digestion [16].

Considering the growing appreciation of fermented native fruits as potential functional
foods, this chapter provides a detailed protocol for in vitro digestion of fermented native fruits, as
well as the determination of phenolic compound concentrations and their bioaccessibility

throughout the digestive process.

2. Materials
2.1 Native fruits

Native fruits (Figure 1), in natura and subjected to pulp processing.

Figure 1 Examples of native fruits. (A) Mangaba (Hancornia speciosa Gomes). (B) Bacaba

(Oenocarpus bacaba Mart.). (C) Mangaba pulp. (D) Bacaba pulp.

2.2 Obtaining probiotic fermented fruit pulp

Mangaba and bacaba pulps (35 mL) are separately spiked with probiotics (final counts of
approximately 8 log CFU/mL) and incubated at 37 °C for 48 h in anaerobic jars. Two formulations
are tested: (1) control (no probiotics added) and (2) mangaba or bacaba pulp fermented with

probiotics (Figure 2, A and B).
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Figure 2 (A) Fermented mangaba pulp. (B) Fermented bacaba pulp.

2.3 Extraction of phenolic compounds from fermented native fruits
a) Laboratory materials: falcon tubes and syringe filters (0.45 um).

b) Equipment: vortex mixer and centrifuge.

2.4 Simulated in vitro gastrointestinal digestion

a) Laboratory materials: Falcon tubes, glass rods, automatic micropipettes, micropipette tips,
and Becher and Erlenmeyer flasks.

b) Reagents: potassium chloride (KCl 0.5M), monopotassium phosphate (KH>PO4 0.5M),
sodium bicarbonate (NaHCO3 1M), sodium chloride (NaCl, 2M), magnesium chloride
hexahydrate (MgCl2(H20)s), hydrochloric acid (HCl 1M), sodium hydroxide (NaOH 1M),
ammonium carbonate (CaCl>(H20)2 0.3M).

c) Digestive enzymes: porcine pepsin, porcine pancreatin, and bile salts.

d) Equipment: analytical balance, pH meter, incubator with orbital shaker, water bath, and

horizontal laminar flow hood.

2.4.1 Preparation of solution for in vitro digestion

a) Hydrochloric acid (HCl 6M) solution

In a beaker (100 mL), add 25 mL of ultrapure water, then with a volumetric pipette, slowly add
25 mL of 12 M HCI to the beaker containing ultrapure water. A glass rod will be necessary for
careful mixing of the solution and subsequent transfer to a properly labeled bottle (date of

preparation and name of the solution). Keep the solution refrigerated between 2 and 5 °C.

b) Sodium hydroxide (NaOH 5M) solution
Weigh 60 g of NaOH on an analytical balance using a spatula and then transfer it to a beaker

(250 mL). After this step, add 200 mL of ultrapure water to the beaker containing 60 g of NaOH
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and homogenize the solution with a glass rod until the NaOH is completely dissolved. Subsequently,
transfer the solution to a 300 mL volumetric flask and complete the volume with ultrapure water.
Finally, place the newly prepared solution in a properly labeled bottle (date of preparation and name

of the solution) and store it under refrigeration (2 and 5 °C).

2.4.2 Preparation of gastrointestinal fluids and stock solutions
The methodology described by Minekus [17] was used to prepare gastrointestinal fluids and
stock solutions. The quantities of each reagent were weighed individually on an analytical balance

and transferred to previously calibrated Falcon tubes (Table 1).

Table 1. Concentrations of reagents used in the preparation of simulated digestive fluids and stock

solutions
(SSF) pH 7 (SGF) pH 3 (SIF) pH 7
Stock
concentration Vol.of Conc. Vol.of Conc. Vol.of Conc.
Reagents s stock in SSF stock in SSF stock in SSF
mmol/ mmol/ mmol/
g/ mol/L mL L mL L mL L
KCl 373 0.5 15.1 15.1 6.9 6.9 6.8 6.8
KH2PO4 68 0.5 3.7 3.7 0.9 0.9 0.8 0.8
NaHCO3 84 1 6.8 13.6 12.5 25 42.5 85
NaCl 117 2 X X 11.8 47.2 9.6 38.4
MgCl2(H:20)
6 30.5 0.15 0.5 0.15 04 0.1 1.1 0.33
(NH4)2COs3 48 0.5 0.06 0.06 0.5 0.5 X X

SSF: Simulated Salivary Fluid; SGF: Simulated Gastric Fluid; SIF: Simulated Intestinal Fluid.

a) Simulated salivary fluid (SSF)

Add the reagents to a beaker (500 mL) using an automatic micropipette for each solution in the
same order and concentrations as in Table 1. Then, homogenize the solution and adjust the pH to
7.0 with sodium hydroxide (NaOH). Once the pH has been adjusted, complete the volume (500 mL)
with ultrapure water. Finally, transfer the simulated salivary fluid to a properly labeled amber bottle

(name of the solution and date of preparation) and keep it refrigerated (2 and 5 °C).

b) Simulated Gastric Fluid (SGF)
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Add the reagents to a beaker (500 mL) using an automatic micropipette for each solution in the
same order and concentrations as in Table 1. Then, homogenize the solution and adjust the pH to
3.0 with hydrochloric acid (HCI). After adjusting the pH, makeup to volume (500 mL) with
ultrapure water. Finally, transfer the simulated gastric fluid to a properly labeled amber bottle (name

of the solution and date of preparation) and keep it refrigerated (2 and 5 °C).

c) Simulated Intestinal Fluid (SIF)

Add the reagents to a beaker (500 mL) using an automatic micropipette for each solution in the
same order and concentrations as in Table 1. Then, homogenize the solution and adjust the pH to
7.0 with sodium hydroxide (NaOH). After adjusting the pH, complete the volume (500 mL) with
ultrapure water. Finally, transfer the simulated intestinal fluid to a properly labeled amber bottle

(name of the solution and date of preparation) and keep it refrigerated (2 and 5 °C).

2.5 Determination of phenolic compounds of fermented native fruits

Phenolic compounds, including their digestive fractions, from fermented native fruits should
be identified and quantified by high-performance liquid chromatography (HPLC) coupled with a
diode array detector (DAD). The profiles of individual phenolics identified, including their digestive
fractions, should be compared with authentic standards. The detection of phenolic compounds by

diode array detector (DAD) should be performed as follows:

a) 220 nm for catechin, epicatechin, epigallocatechin gallate, epicatechin gallate, procyanidin
A2, procyanidin B1, and procyanidin B2.

b) 280 nm for gallic acid, syringic acid, hesperidin, naringenin, and cis-resveratrol

¢) 320 nm for caffeic acid, p-coumaric acid, chlorogenic acid, caftaric acid, and trans-
resveratrol.

d) 360 nm for kaempferol 3-glucoside, quercetin 3-glucoside, rutin, myricetin, and
isorhamnetin.

e) 520 nm for malvidin 3-glucoside, cyanidin 3-glucoside, delphinidin 3-glucoside,
pelargonidin 3-glucoside, peonidin 3-glucoside, cyanidin-3,5-diglucoside, malvidin-3,5-

diglucoside and pelargonidin-3,5-diglucoside.

3. Methods
3.1 Extraction of phenolic compounds from fermented native fruits

The extraction of phenolic compounds should follow the methodology described by Assis
et al. [4]. The samples were centrifuged (3500 x g/15 min) and passed through 0.45 pum syringe
filters to obtain the filtrate (Figure 3).
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Figure 3 Samples of fermented native fruits subjected to centrifugation

3.2 In vitro digestion of fermented native fruit samples
In vitro digestion following the methodology described by Minekus [17] was used to analyze

the bioaccessibility of phenolics. Three consecutive steps were followed (Figure 4).

Figure 4 Samples of fermented native fruits subjected to in vitro digestion analysis

a) Oral phase

In a Becker, dilute 5 g of the fruit sample with 3.5 mL of SSF (preheated to 37°C). Measure the
volume of the final digestion mixture, including the mixture and SSF. Transfer the volume to an
Erlenmeyer flask (100 mL). Add 25 pL of 0.3 M CacCl; to reach a total concentration of 1.5 mM in
SSF. Add 975 pL of water. Incubate while mixing for 2 minutes at 37 °C and 90 rpm. Use an
automatic micropipette to collect three aliquots (2 mL each), then filter them through a 0.45 um

syringe filter. Transfer the filtered samples to labeled cryovials and store them in the freezer.

b) Gastric phase
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Prewarm the SGF electrolyte stock solution to 37 °C. Add 8 mL of SGF to the above mixture to
achieve a final ratio of 1:1 (vol/vol). Adjust the pH to 3.0 by adding hydrochloric acid (HCI). Add
5 pL of CaClx(H20); solution. Add 1.6 mL of pepsin solution (2000 U/mL) to the final digestion
mixture. Check the pH and adjust it to 3.0 if necessary. Add 0.925 uL of water. Incubate the sample
at 37 °C, mixing the digestion mixture sufficiently for 2 h from the point at which pepsin was added.
Use an automatic micropipette to collect three aliquots (2 mL each), then filter them through a 0.45

um syringe filter. Transfer the filtered samples to labeled cryovials and store them in the freezer.

c) Intestinal phase

Preheat the SIF electrolyte stock solution in a water bath at 37 °C. Add 8.5 ml of the SIF to the
above mixture to achieve a final ratio of 1:1 (vol/vol). Adjust the pH to 7.0 by adding sodium
hydroxide (NaOH). Add 2.5 ml of the bile solution to the SIF/gastric chime solution (place the
solution on a rotary wheel mixer at 37 °C for at least 30 min to achieve complete solubilization of
the bile). Add 40 pL of the CaCl2(H20): solution. Add 5 ml of pancreatin to the solution. Check the
pH and adjust it to 7.0 if necessary. Add 3.76 ml of water. Incubate the samples at 37 °C in a shaking
incubator to thoroughly homogenize the digestive mixture for 2 hours, starting from the point at
which the pancreatic enzymes were added. Use an automatic micropipette to collect three aliquots
(2 mL each), then filter them through a 0.45 um syringe filter. Transfer the filtered samples to

labeled cryovials and store them in the freezer.

The bioaccessibility for each phenolic compound was determined using Eq. 1.

Bioaccessibility (%) = (phenolic after digestion/ phenolic in the fruit pulp) x 100 (Eq. 1)

Where: (phenolic after digestion) refers to the phenolic concentration after in vitro digestion,

and (phenolic in fruit pulp) refers to the phenolic concentration before in vitro digestion.

3.3 Determination of phenolic compounds of fermented native fruits

Phenolic compounds are quantified using the filtrates prepared as described in section 3.1.
The determination of these compounds follows the methodology described by Lima [18].

Phenols should be determined by high-performance liquid chromatography (HPLC) coupled
to a diode array detector (DAD). The Zorbax Eclipse Plus RP-C18 column (100 x 4.6 mm, 3.5 pm)
and the Zorbax C18 pre-column (12.6 x 4.6 mm, 5 pum) are used for separation at 35 °C, using
acidified water (phase A) and acidified methanol (phase B) at a flow rate of 0.8 mL/min.

Data acquisitions are processed using the software. Calibration curves of external standards

are used to quantify phenolics. Compound peaks are identified by comparing their retention times
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with external standards. The spectral purity of the peak is checked using the Threshold tool to ensure

accuracy of identification compared to the external standard.

4. Notes
o For in vitro digestion analysis, it is necessary to prepare enzyme solutions that will be added
throughout the digestion phases; however, these solutions should not be stored or used later
in other analyses.
o The digestive enzymes should be weighed separately using an analytical balance and
dissolved in their respective digestive fluids in the quantities necessary to achieve
concentrations of 2000 U/mL of pepsin (porcine gastric mucosa), 100 U/mL of pancreatin

(porcine pancreas), and 10 mM of bile salts (bovine bile extract).
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ABSTRACT

This study aimed to evaluate the functional, technological, and sensory aspects of mangaba (Hancornia speciosa
Gomes) fruit pulp fermented with the probiotic Lacticaseibacillus casei 01 (LC1) during refrigerated storage (7 °C,
28 days). The effects of the fermented mangaba pulp on the modulation of the intestinal microbiota of healthy
vegan adults were also assessed. Mangaba pulp allowed high viability of LC1 during storage and after simulated
gastrointestinal conditions (>7 log CFU/g). The fermented mangaba pulp showed lower pH and total soluble
solids, and higher titratable acidity, and concentrations of lactic, acetic, citric, and propionic acids during storage
compared to non-fermented pulp. Also, it presented a higher concentration of bioaccessible phenolics and vol-
atiles, and improved sensory properties (yellow color, brightness, fresh appearance, and typical aroma and
flavor). Fermented mangaba pulp added to in vitro cultured colonic microbiota of vegan adults decreased the pH
values and concentrations of maltose, glucose, and citric acid while increasing rhamnose and phenolic contents.
Fermented mangaba pulp promoted increases in the abundance of Dorea, Romboutsia, Faecalibacterium, Lach-
nospira, and Lachnospiraceae ND3007 genera and positively impacted the microbial diversity. Findings indicate
that mangaba pulp fermented with LC1 has improved chemical composition and functionality, inducing changes
in the colonic microbiota of vegan adults associated with potential benefits for human health.

1. Introduction

fiber content (11.60 %) with high potential to be included in the human
diet (Arruda, Aratijo & Marostica Junior, 2022). Due to the seasonality

Brazil has a great biodiversity of underexplored native fruits that has
attracted increasing interest due to their technological and agro-
industrial potential, high nutritional value, and unique characteristics
of color, flavor, and aroma (Bitencourt et al., 2019). Hancornia speciosa
Gomes, popularly known as mangaba, is a fruit from the Brazilian
Amazon rainforest and Caatinga and Cerrado biomes (Assis et al., 2021).
Mangaba has reduced lipids (0.55-1.70 %), carbohydrates (2.30-10.97
%), and energy (29.83-72.30 kcal/100 g) levels, and relevant dietary

and high perishability of mangaba, its consumption is mainly based on
derived products such as pulp (Santos et al., 2022).

The fermentation of fruit pulps using probiotics can improve their
functional properties and extend their shelf life (Morais et al., 2019).
Furthermore, probiotic fermentation may improve the products’ aro-
matic profile and sensory characteristics (Macedo et al., 2023; Assis
et al., 2021). Finally, probiotic fermented pulps could be an option for
vegans, as most probiotic fermented foods are dairy products (Pimentel
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et al., 2021).

Previous studies have already fermented fruit pulps or purees with
probiotic cultures, such as red pitaya pulp with Lactobacillus acidophilus
LA-05 or Bifidobacterium animalis ssp. lactis BB-12 (Morais et al., 2019),
kiwi pulp with Lactiplantibacillus plantarum subsp. plantarum (Zhou
et al., 2020), logan pulp with Lactobacillus fermentum (Huang et al.,
2020) and seriguela, pink mango and acerola purees with Lacticaseiba-
cillus casei 01 and L. acidophilus La-05 (Assis et al., 2021). However, none
of the studies evaluated the potential changes in the physicochemical
and sensory characteristics of the products during storage, which is
important for commercial purposes.

In a previous study, we observed that L. casei 01 could transform the
phenolic compounds of mangaba purees and increase the product’s
antioxidant activity (Assis et al., 2021). Some bioaccessible phenolic
compounds have been associated with modulating intestinal microbiota
(Macedo et al., 2023). Therefore, we hypothesize that the mangaba pulp
fermented with L. casei 01 could also modulate the microbiota
composition.

Studies with pulps fermented by probiotics using in vitro colonic
models with the application of human fecal microbiota are still scarce.
There are reports of the effects of fruit pulps fermented with probiotics
on the microbiota of middle-aged hypertensive adults (Macedo et al.,
2023) or healthy omnivores individuals (Guergoletto et al., 2017; Tang
et al., 2023). However, as far as the authors know, no study covers the
impact of probiotic fruit-derived products on the microbiota of vegan
individuals. The difference in intestinal microbiota composition among
individuals following vegan and omnivore diets is established (Tomova
et al., 2019). It is important to evaluate the impact of pulps fermented
with probiotics on the microbiota of this target population.

Therefore, the objectives of this study were i) to evaluate the func-
tional, technological, and sensory aspects of mangaba pulp fermented
with the probiotic Lacticaseibacillus casei 01 (LC1) during refrigerated
storage and ii) to determine the effect on the modulation of the intestinal
microbiota of healthy vegan adults through 16S rRNA sequencing.

2. Material and methods
2.1. Probiotic strain and inoculum preparation

A lyophilized culture of Lacticaseibacillus casei 01 (LC1) was obtained
from Christian Hansen, Ind. With. Ltd. (Valinhos, Sao Paulo, Brazil). The
stock culture was maintained in a cryovial at —20 “C in de Man, Rogosa,
and Sharpe (MRS) broth (HiMedia, Mumbai, India) containing glycerol
(20 mL/100 mL, Sigma Aldrich, St. Louis, USA). To activate the strain,
100 pL of the strain was cultured individually in 9 mL of MRS broth for
24 h at 37 °C under anaerobic conditions in an anaerobic flask (Anaer-
obic System Anaerogen, Oxoid Ltd., Wade Road, UK) with O less than 1
%. Subsequently, 30 pL of the culture was plated on MRS agar and
incubated at 37 °C for 48 h under the same conditions. Finally, 3 loops
were removed and cultured in 9 mL MRS broth for 24 h at 37 °C under
the same conditions.

To obtain the inoculum, the culture was centrifuged (3500 rpm/15
min, 4 °C), washed twice in sterile saline solution (0.85 %, Ciavicco,
Minas Gerais, Brazil) and resuspended in the same solution to obtain
suspensions with standard cell counts (ODggo of 1.0, 9 log CFU/mL)
(Morais et al., 2019).

2.2. Obtaining mangaba and elaborating the probiotic fermented pulp

Hancornia speciosa Gomes was purchased from a regional supplier
(EMPASA; Joao Pessoa, Brazil). The fruits were chosen based on the
noticeable absence of infection and mechanical impairment indicators.
Furthermore, they were in the commercial maturity stage, with a total
soluble solids (TSS) content of 19.07 °Brix.

Fruit processing was carried out on the same day of collection. In
preparing the mangaba pulp, the following steps were carried out: a)
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washing with sterile distilled water, sanitizing by immersing the fruits in
a sodium hypochlorite solution for 5 min (150 ppm, pH 7.2 adjusted
with 1 M NaOH); b) pulping with a household utensil (stainless steel
blade, 6” Tramontina 23441066, Brazil); c) homogenization with a do-
mestic processor (MixerTurbomix Pro 3 MX31, Arno®, Brazil, 400 W)
for 5 min; d) pasteurization in a thermostatic bath at 65 °C/30 min and
cooling to room temperature (25 + 1 °C) (Zhang et al., 2021).

Fermentation of mangaba pulp was carried out by inoculating LC1 at
8 log CFU/mL in a volume of 35 mL of pulp and incubating at 37 °C for
48 h (Assis et al., 2021) under anaerobic conditions in an anaerobic flask
(Anaerobic System Anaerogen, Oxoid Ltd., Wade Road, United
Kingdom) with O3 <1 %. Two formulations were processed: (1) control
(without the addition of probiotics) and (2) probiotic fermented man-
gaba pulp (with the addition of LC1). The formulations for refrigerated
storage were packaged in 50 mL flasks and stored at 7 °C for 28 days, the
common shelf life of pasteurized pulps.

2.3. Viability of probiotics in fermented mangaba pulp

The viable cells of LC1 were enumerated in the probiotic fermented
mangaba pulp during the 48 h of fermentation, at times 0 and 28 days of
refrigerated storage, and in the in vitro digestion stages (according to
section 2.7), using the microdrop inoculation technique (Herigstad,
Hamilton, & Heersink, 2001). To this end, 100 pL aliquots of the
formulation were diluted in sterile saline solution (10~'-107) and
vortexed for 30 s. Then, 20 pL aliquots of each dilution were distributed
on the MRS agar surface. The plates were incubated at 37 °C for 48 h
under anaerobic conditions in an anaerobic flask (Anaerobic System
Anaerogen, Oxoid Ltda., Wade Road, UK) with Oy <1 %. The results
were expressed as log CFU/g.

2.4. Physical and chemical parameters of mangaba pulp

The pH, TA, and TSS analyses of the control and probiotic fermented
mangaba pulp formulations followed standard procedures (AOAC,
2016). pH values were determined with a digital pH meter (Quimis, Sao
Paulo, Brazil). TA was determined by titrating samples with 0.1 N
NaOH, and the results were expressed as a percentage of citric acid. TSS
was measured with a digital refractometer (model HI 96801, Sao Paulo,
Brazil) at 25 + 1 °C. These analyses were performed during pulp
fermentation and storage, and the pH was also evaluated during in vitro
colonic fermentation.

2.5. Determination of sugars and organic acids in mangaba pulp

For the determination of sugars and organic acids, the control and
probiotic fermented mangaba pulp formulations were centrifuged
(3500 rpm/15 min), and the supernatant was filtered through a 0.45 pm
Millex-HA filter (Millipore Co., Bedford, MA), according to the meth-
odology described by Coelho et al. (2018).

The filtrates were analyzed by High-Performance Liquid Chroma-
tography (HPLC) using an Agilent chromatograph (model 1260 Infinity
LC, Agilent Technologies, USA) coupled to a diode array detector (DAD)
and a refractive index detector (DIR). The analytical conditions were an
Agilent Hi-Plex H column (7.7 x 300 mm, 8 um) and HySO4 4 M in ul-
trapure water as the mobile phase (flow rate 0.5 mL/min).

Peaks of sugars and organic acids were identified by comparing their
retention times with those of external standards (Sigma Aldrich, St.
Louis, USA). Quantification was based on external standard calibration
curves according to a validated method by Coelho et al. (2018). All
analyzed compounds presented calibration curves with R? > 0.998. Peak
spectral purity was checked using the Threshold tool to ensure identi-
fication accuracy compared to the external standard. Sugars and organic
acids were determined during storage (0, 7, 14, 21, and 28 of storage)
and in vitro colonic fermentation.
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2.6. Determination of phenolic compounds in 1gaba pulp

For the extraction of phenolic compounds, 2 g of the control and
probiotic fermented mangaba pulp formulations were macerated and
homogenized (1:10) with methanol acid solution (70 % methanol, 29 %
H20 and 1 % hydrochloric acid, v/v/v) by vortexing for 2 min and
sonicated at 40 kHz for 30 min at 25 °C (bathUSC1800, UNIQUE, Brazil)
(Morais et al., 2020).

Then, the extract was centrifuged at 3.500 rpm for 15 min (SL-701
centrifuge; Solab, Sao Paulo, Brazil), and the supernatant was collected.
This procedure was performed twice (Dantas et al., 2019). A 1 mL
aliquot of the extract was then filtered through a 0.45 pm Millex-HA
filter (Millipore Co., Bedford, MA) and used to quantify phenolic com-
pounds by HPLC.

In quantifying phenolic compounds, 20 pL of the filtrate was injected
into the chromatograph as described by Padilha et al. (2017). The
chromatographic separation of phenolic compounds was carried out
using a Zorbax Eclipse Plus RP-C18 column (100 x 4.6 mm, 3.5 pm) and
Zorbax C18 pre-column (12.6 x 4.6 mm, 5 pm). The column tempera-
ture was adjusted to 35 °C, and the mobile phases were composed of
water (pH 2) acidified with 0.1 mM/L phosphoric acid (phase A) and
methanol acidified with 0.5 % phosphoric acid (phase B). The flow rate
was maintained at 0.8 mL/min. DAD data acquisitions were processed
using OpenLAB CDS ChemStation EditionTM software (Agilent Tech-
nologies). The chromatogram of the external standards used to quantify
the phenolics is shown in Supplementary Fig. S1.

A comparison of their retention times with external standards (Sigma
Aldrich, St. Louis, USA) was used to identify the peaks of phenolic
compounds. Quantification was performed using external standard
calibration curves according to the validated method described by
Padilha et al. (2017). All analyzed compounds presented calibration
curves with R? > 0.998. Peak spectral purity was checked using the
Threshold tool to ensure identification accuracy compared to the
external standard. The phenolic compounds were determined during
storage (0, 7, 14, 21, and 28 of storage) and in vitro colonic fermentation.

2.7. Deter tion of bioaccessibility of phenolic compounds and

probiotic survival to simulated gastrointestinal conditions

The determination of probiotic survival to SGC and bioaccessibility
in control and probiotic fermented mangaba pulp formulations was
performed using the in vitro digestion method following three sequential
phases: oral, gastric, and intestinal, according to the methodology
described by Minekus et al. (2014).

In the simulated oral phase, 5 g of control and probiotic fermented
mangaba pulp (separately) was mixed with 3.5 mL of simulated salivary
fluid (SSF), 0.5 mL of 1500 U/mL of a-amylase in SSF solution, 25 pL of
0.3 M CaCly and 975 pL of water, and the mixture was incubated at 37 +
2 °C for 2 min with agitation (90 rpm). In the simulation of gastric
digestion (SGF), the above mixture was added with 7.5 mL of simulated
gastric fluid (SGF), 1.6 mL of 2000 U/mL porcine pepsin in SGF solution,
5 pL of 0.3 M CaCl; and 0.695 pL of water, and the pH was adjusted to
3.0 with 1 M HCI. Then, the mixture was incubated at 37 + 2 °C with
agitation (90 rpm) for 2 h. In the intestinal phase, 20 mL of the gastric
mixture was added with 11 mL of simulated intestinal fluid (SIF), 5.0 mL
of pancreatin solution 800 U/mL in SIF solution, 2.5 mL of fresh bile
(160 mM in bile fresh), 40 uL of 0.3 M CaCl, and 1.31 mL of water, and
the pH adjusted to 7.0 with 1 M NaOH. Then, the mixture was main-
tained at 37 + 2 °C with stirring (90 rpm) for 10 min. The bio-
accessibility results were determined using Eq. (1) (Dantas et al., 2019).

Bioaccessibility(%) = (intestinal BC/sample BC) x 100 1)
where: intestinal BC = concentration of the phenolic compound in the

intestinal fraction; BC sample = concentration of phenolic compound in
the fruit pulp.
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The probiotic culture was enumerated according to section 2.3 in the
oral, gastric, and intestinal phases.

2.8. Determination of volatile compounds in mangaba pulp

In the determination of volatile compounds in control and probiotic
fermented mangaba pulp formulations, 3 mL of the sample was used in a
20 mL hermetically sealed glass flask with screw caps containing a
Teflon-coated septum. Three subsequent steps were necessary to deter-
mine volatile compounds: extraction, separation, and identification. The
first step consisted of extracting volatile compounds using the solid
phase microextraction (SPME) technique with a Supelco SPME device
(Bellafonte, PA, USA) (Fonseca et al., 2021). The fiber used was 50/30
pm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS), activated according to the manufacturer’s conditions (270 °C/
60 min). The internal standard was 1,2-dichlorobenzene (Sigma Aldrich,
USA) at a 50 ug/mL concentration.

The second step was the separation of volatile compounds performed
on a 7890B gas chromatograph coupled to an Agilent Technologies
5977B mass spectrometer (Little Falls, DE, USA). The column used was
the VF-5MS (30 m x 0.25 mm x 0.25 pm). The oven was initially heated
to 60 °C for 5 min, followed by an increase to 230 °C at a rate of 10 °C/
min, maintaining this temperature for 15 min, totaling 37 min of run
time. The system operated in splitless mode. The transfer line between
the chromatograph and the mass spectrum was 250 °C. The injector
temperature was maintained at 230 °C. The mass spectrometer was
operated by electron impact with a source temperature of 230 °C, and
with ionization energy of 70 eV, scan range from m/ z 35 to m/z 350 to
3.33 scan/s.

The last step was the identification of the compounds carried out by
analyzing the fragmentation patterns displayed in the mass spectra,
which were confirmed by comparing their mass spectra with those
present in the database provided by the NIST equipment (National
Institute of Standards & Technology, USA), as well as by their retention
rates with those of known compounds, through the injection of homol-
ogous n-alkanes (C8-C30). The volatile compounds were determined
during storage (0, 7, 14, 21, and 28).

Furthermore, the odor activity value (OAV) was calculated by
dividing the concentration of volatile compounds by their odor
threshold values and represented the contribution of volatile com-
pounds to the flavor (Olivares et al., 2009). Compounds with a ratio
value > 1 were considered responsible for the aroma, and their OAVs
were proportional to the aroma profile contributions (Jiang et al., 2022).
The OVA was calculated according to the Equation (2).

OAV = (C/OT) 2)

where, C (ug/g) is the concentration of the compound, OT is the odor
threshold value of the compound.

2.9. Sensory evaluation of mangaba pulp by preferred attribute elicitation
(PAE)

The Federal University of Paraiba Ethics Committee approved this
study under protocol number 65306722.0.0000.5188. Consumers of
fruits and derivatives (n = 11, 7 women, 4 men, 15-35 years old)
participated in the PAE section, selected based on availability. The PAE
methodology was conducted following Grygorczyk et al. (2013).
Initially, consumers received the control (CONTRO, CONTR14, and
CONTR28) and probiotic fermented pulps (FERMO, FERM14, FERM28).
They described the descriptors considered important for the character-
ization of the products. These descriptors were, by consensus, grouped
into categories (aroma, flavor, appearance, and texture). Descriptors
with similar meanings or difficult to assess were excluded. Consumers
also defined the descriptor terms’ anchors considering the attributes’
intensity. After a 15 min break, the control and probiotic fermented
pulps were randomly and monadically offered, and consumers were
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asked to rank each descriptor intensity (9 point scale). Finally, con-
sumers classified the selected descriptors in descending order of
importance for the acceptance of the pulps. They were aware that the
descriptors could have the same sort of order. The PAE section lasted
120 min.

2.10. In vitro fermentation assays with mangaba pulp: Fecal inoculum
preparation and fermentation

Four healthy vegan volunteers, consisting of two women and two
men aged between 25 and 45 years, who had not used probiotics or
antibiotics for at least three months and followed a vegan diet for more
than three years, were recruited for this research. Exclusion criteria were
chronic diseases related to metabolism, digestive system diseases, and
the use of any regular medication (excluding hormonal contraception).
Participants were asked to donate a fresh stool sample collected, placed
in a suitable plastic container, and transported in an anaerobic jar to the
laboratory. They signed the informed consent form. The Federal Uni-
versity of Paraiba Ethics Committee approved the fecal fermentation
experiment under protocol number 65306722.0.0000.5188.

To prepare the fecal inoculum according to the methodology of
Wang et al. (2020), 5 g of fresh fecal sample (1.25 g of fecal sample from
each donor) was mixed with 9 times the volume of autoclaved modified
saline solution (NaCl 9.0 g/L, cysteine-HCl 0.5 g/L) to obtain a fecal
suspension (10 %) after centrifugation at 4 °C (500 g, 5 min).

The basal nutrient medium was composed of 0.1 g/L NacCl, 0.04 g/L
KH3POy,, 2 g/L NaHCO3, 0.01 g/L MgSO4, 0.04 g/L KoHPO,, 0 0.01 g/L
CaCly, 0.5 g/L L-cysteine, 2.0 mL/L Tween-80, 2.0 g/L yeast extract, 2.0
g/L peptone, 1.0 mL/L resazurin solution (1 %, w/v), 10 pL/L vitamin K,
0.5 g/L bile salts and 0.02 g/L hemin, and the pH of the medium was
maintained at 7.0 (Wang et al., 2020).

After autoclaving the basal nutrient medium at 121 °C for 20 min, 9
mL was mixed with 1 mL of fecal suspension (sample CONTROL) and
then incubated at 37 °C for 48 h under anaerobic conditions. Two other
samples that contained 9 mL of basal nutrient medium mixed with 1 mL
of fecal suspension and 0.5 g of digested control pulp (sample MAN_-
PULP) and 9 mL of basal nutrient medium mixed with 1 mL of fecal
suspension and 0.5 g of digested probiotic fermented pulp (sample
MAN_PULP_LC1) were also incubated at 37 °C for 48 h under anaerobic
conditions. This experiment was performed in a genuine duplicate.

2.11. 16S rRNA sequencing and fecal microbiota analysis

DNA extraction from the samples was performed using a MoBio
Power Food DNA isolation kit, Mobio Laboratories Inc., USA, following
the manufacturer’s procedures. The bacteria were identified via high-
throughput sequencing of 16S rRNA V3/V4 region using primers 341F
(CCTACGGGRSGCAGCAG) and 785R (CTACCAGGGTATCTAATCC).
The 16S rRNA libraries were sequenced on the MiSeq Sequencing Sys-
tem (Illumina Inc., USA) using the MiSeq Reagent V2 kit with paired
reads of 250 pb (2x250 pb). The KAPA Library Quantification kit for
Illumina was used for multiplexing, clustering, and library sequencing
reactions (Illumina, USA) on a MiSeq platform (Canani et al., 2017).

For the analysis and study of microbial diversity, the quality of the
raw data from 16S rRNA V3/V4 was checked using FASTQC. After that,
the low-quality sequences were filtered and trimmed, and the primers
were removed using Cutadapt 3.7 software (Martin, 2011). The
remaining sequences were then processed in DADA2 (1.26) for der-
eplication chimera removal and clustered into amplicon sequence var-
iants (ASVs) (Callahan et al, 2016). Subsequently, ASVs were
taxonomically identified based on their similarity to sequences in the
bacterial database (16S rRNA SILVA 138) (Quast et al., 2012, Yilmaz
etal., 2014). The raw data were submitted to the Sequence Read Archive
of the National Center for Biotechnology Information (NCBI) under the
Bio-Project PRJINA1044155 (Table S1).
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2.12. Statistical analysis

All experiments were performed in triplicate. Results were expressed
as mean + standard deviation. Data were analyzed using ANOVA, fol-
lowed by Turkey’s test or Student’s t-test considering the significance of
p < 0.05 and using Sigma Stat 3.5 software (Jandel Scientific Software,
San Jose, California).

PAE data were analyzed using Generalized Procrustes Analysis
(GPA) with a matrix of 6 rows (pulp formulations) and 220 columns
(descriptors x number of consumers, 11 consumers, 20 descriptors). The
Friedman test analyzed the importance of descriptors (ranking test)
using Newell and MacFarlane tables. Statistical analyses were performed
using the XLSTAT 2022.2.1 program (Adinsoft®, New York, USA). The
microbiota data were submitted to ANOVA, followed by the Tukey test
considering the significance of p < 0.05 and using XLSTAT 2014 soft-
ware (Adinsoft®, Paris, France).

3. Results and discussion
3.1. Physicochemical parameters and probiotic viable counts

The cell counts ranged from 8.02 to 8.10 log CFU/g, without sig-
nificant differences at 24 and 48 h of fermentation (p > 0.05; Table S2),
indicating that the probiotic culture may adapt to the environment
imposed by the fruit pulp as substrate, maintaining the probiotic
viability (Kaprasob et al., 2017). The fermented mangaba pulp could be
considered a probiotic product, as the minimum recommended probiotic
count was maintained (6 log CFU/g) (Costa et al., 2019).

Table 1 presents the physicochemical parameters of mangaba pulp
during 48 h of fermentation. At the end of fermentation, the probiotic
fermented mangaba pulp had the lowest pH value (2.30), the lowest TSS
(18.83 °Brix), and the highest TA (2.90 % citric acid) (p < 0.05)
(Table 1). Probiotics consume sugars from the fruit pulp during
fermentation and produce organic acids, such as citric, acetic, or lactic
acid, causing decreased pH and TSS values and increased TA (Guergo-
letto et al., 2017). There were similar results for mangaba puree (Assis
et al., 2021) and cashew juice (Kaprasob et al., 2017).

3.2. Physical-chemical parameters, sugar profile, and organic acid profile
during refrigerated storage of fruit pulp

Table 2 presents the physical-chemical parameters, sugar profile,
and organic acid profile of mangaba pulp during 28 days of storage. At
the beginning of storage (0 days), the control pulp showed the highest
values of pH and TSS (3.41 and 18.93, respectively) and the lowest TA
(2.77 % of citric acid, p < 0.05). During storage, probiotic fermented
mangaba pulp showed similar values (p < 0.05) of pH (2.19-2.31).

Table 1
Physicochemical parameters of mangaba pulp fermented by L.C1 during 48 h.
Paramelers Time (h) Control Fermented
pH 0 3.47 + 0.02°" 3.47 + 002"
24 3.45 + 0.01" 2.31 + 0.02%
48 3.41 + 0.04"° 2.30 + 0.03%
Total soluble solids (°Brix) 0 19.07 £0.06™  19.03 £ 0.06™
24 19.03 £ 0.06**  18.93 £ 0.15™
18 18.93 £ 0.12%  18.83 £ 0.12""
Titratable acidity (% citric acid) 0 2.73 + 006 2.70 + 0.05™
24 2.77 + 0.06"" 2.87 + 0.06™
48 2.77 + 0.03" 2.90 + 0.09"

Control: non-fermented pulp; Fermented: pulp fermented by LC1. A-B: different
capital letters superimposed on the same column denote differences (p < 0.05)
between the different times for the same treatment, according to the Tukey test
or t test; a-b: different lowercase letters substituted on the same line denote
differences (p < 0.05) between the same time for different treatments, according
to the Tukey test or ¢ test.
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Table 2
Content of sugars, organic acids and physicochemical parameters of mangaba pulp fermented by LC1 during 28 days storage.

Sugar (mg/ Control Fermented

mL) Time (Day)
0 7 14 21 28 0 7 14 21 28

Glucose 0.03 + 0.02 + 0.04 = 0.06 = 0.03 £ 0.02 = 0.06 + 0.06 + 0.06 + 0.06 +
0.014% 0.0142 0.03% .02 0.014 0.014 0.004# 0.04% 0.03% 0.03%

Fructose 0.03 + 0.02 + 0.04 = 0.06 + 0.03 + 0.02 + 0.06 + 0.06 + 0.06 + 0.06 +
0.00" 0.01%* 0.02"* 0.00" 0.01** 0.01** 0.017° 0.02M 0.00" 0.04%*

Organic acids (g/L)

Citric 6.07 + 6.02 + 6.01 = 6.28 = 6.26 £ 138 = 12.87 = 12,60 + 12,17 + 1218 =
0.02%" 0.10%" 0.08%" 0.15% 0.024° 0.10% 0.0142 0.024 0.03% 0.03%

Malic 141 + 141 + 1.47 = 1.51 = 1.53 <LOD <LOD <LOD <LOD <LOD
0.15% 0.01% 0065 0208 0.038%

Succinic 0.59 + 0.55 + 0.50 = 0.50 = 0.57 + 0.53 = <LOD <LOD <LOD <LOD
0.01% 0.02% 0.05% 0.05% 0.08% 0.02

Lactic <LOD <LOD <LOD <LOD <LOD 6.44 = 7.79 + 7.70 + 7.02 + 4.54 +

0.09% 0.03% 0.04% 0.07% 0.10%

Formic 0.45 + 0.44 + 0.47 = 0.47 = 0.47 £0.06  <LOD 0.24 + 0.23 + 0.23 + 0.23 +
0.06% 0.10% 0.01 0.0 Ds 0.04<0 0.03% 0.07 0.02"

Acetic 0.37 £0.02 013+ 0.13 = 0.13 = 0.12 = 0.59 = 0.37 + 0.37 + 0.37 + 0.40 +
e 0.05™ 0.05° 0.05°" 0.04% 0.04% 0.02¢* 0.02% 0.03% 0.08%

Propionic <LOD <LOD <LOD <LOD <LOD <LOD 0.28 + 0.28 + 0.27 + 0.29 +0.02

0.02%* 0.03% 0.04% be

pH 341+ 3.29 + 3.31 = 3.31 + 3.32 + 2.30 = 2.3140.02" 2304003 229+003" 219+001°
0.04" 0.03" 0.03° 0.02° 0.02° 0.03°

TSS (“Brix) 18.93 =+ 18.13 + 18.13 + 18.17 + 18.18 + 18.83 + 18.03 + 18.03 + 18.05 + 17.87 =
0.12" 0.12° 0.06" 0.06” 0.03° 0.12° 0.22° 0.20° 0.15" 0.06°

TA 277 + 278 + 2.75 = 2.77 = 2.78 £ 290 = 293 £ 0.06° 2934006 2.95+0.05 3.18+0.05

(%citric 0.03" 0.08" 0.05" 0.06" 0.08" 0.09* L 2 8
acid)

Control: non-fermented pulp; Fermented: pulp fermented by LC1. < LOD: lower detection level. A-E: different capital letters substituted in the same column denote
differences (p < 0.05) between different sugars and organic acids for the same treatment during storage, according to Tukey's test or t-test; a-c: different lowercase
letters substituted in the same line denote differences (p < 0.05) between the same sugar, organic acid and physical-chemical parameter for different treatments,

according to Tukey test or t test.

However, it had lower TSS and higher TA when compared to non-
fermented mangaba pulp (p < 0.05).

Considering the sugar contents (glucose and fructose), they were
kept constant (p > 0.05) throughout storage in both formulations. The
probiotic fermented mangaba pulp showed higher concentrations of
lactic acid, acetic acid, citric acid, and propionic acid and lower con-
centrations of malic acid and succinic acid during storage (p < 0.05).
Lactic acid is the main end product of the metabolism of most probiotic
cultures, which are essentially homofermentative strains (Costa et al.,
2018). Malic acid may sometimes be converted into lactic acid, as the
probiotic culture can decarboxylate malate and form lactate and CO»
using malolactic fermentation. Other routes can also be found, such as
the conversion of malate into pyruvate and then into lactate (Giri et al.,
2018). Furthermore, LC1 can also produce acetic acid (Miranda et al.,
2019). The maintenance of sugar contents may be related to sucrose
hydrolyzation by the LC1 and further use of glucose in its metabolism or
hydrolyzation of glycosidic bounds of phenolic compounds by the higher
acidity. Therefore, increasing the free sugars and counterbalancing the
sugar consumed by the probiotic culture (Fernandes et al., 2021).
Overall, the probiotic culture kept the metabolic activity during storage,
increasing the concentration of organic acids and resulting in higher TA.

3.3. Survival of LC1 during storage in fruit pulp and simulated
gastrointestinal conditions

Table 3 presents the survival of the probiotic in the fruit pulp during
storage and simulated gastrointestinal conditions (SGC). The probiotic
counts were kept constant during refrigerated storage for 28 days (7.95 -
8.02 log CFU/g, p > 0.05). During SGC, decreased probiotic counts were
observed after the gastric phase for the recently prepared products (day
0) and the oral phase for the stored products (day 28) (p < 0.05). These
results suggest lower resistance to the SGC after storage, which may be
related to the higher acidity of the product (Table 2). However, the

@

Table 3
Viable cell counts of LC1 in mangaba pulp during the simulated digestion at
different storage times.

Phase Time (Day) log CFU/g
Before Simulated Digestion (during storage) 0 8.02 + 0.05
28 7.95 + 0.04*
Oral Phase 0 8.00 + 0.02"
28 7.74 £ 0.07"
Gastric Phase 0 7.90 + 0.02%°
28 7.62 £ 0.03%
Intestinal Phase 0 7.80 + 0.074°
28 7.59 + 0.03%

LC1: Fermented pulp by L. casei. A-B: different capital letters substituted in the
same column denote differences (p < 0.05) between the different times for the
same phase, according to the Tukey test or t test; a-c: different lowercase letters
substituted in the same column denote differences (p < 0.05) between the same
time for different phases, according to the Tukey test or f test.

probiotic counts were maintained higher than 7 log CFU/g, suggesting
that mangaba pulp composition protected the probiotic during the SGC,
resulting in adequate probiotic survival.

3.4. Effect of LC1 on phenolic compounds in fruit pulp during storage

Table 4 shows the results of phenolic compounds in mangaba pulp
during 28 days of storage. The profile of phenolic compounds in the
mangaba pulp is similar to that reported in the corresponding fruit,
frozen pulp, or puree (Assis et al., 2021, Dutra et al., 2017). Three
distinct groups of phenolics were identified: stilbenes, flavonoids, and
phenolic acids. Trans-resveratrol, quercetin 3-glucoside, kaempferol 3-
glucoside, and chlorogenic acid were the phenolics found in higher
concentrations in mangaba pulp (Table 4).

Probiotic fermentation altered the concentration of some of the
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Table 4
Phenolic compounds in mangaba pulp fermented by LC1 during 28 days storage.
Phenolics (mg/100 g) Treatments Time (Day)
o 7 14 21 28
Stilbenes
Trans-Resveratrol Control 0.9 £+ 0.10™ 1.03 +0.18% 117 + 0.10* 1.36 £ 0.15% 1.18 +£0.10%

Fermented 1.05 + 0.15%
0.26 + 0.05""

0.37 + 0.03*

Control
Fermented

Cis Resveratrol

1.12 + 0.05%°
0.30 + 0.08""
0.34 + 0.04™

0.74 + 0.26%
0.41 + 0.07*
0.21 + 0.08"

1.33 + 0.08%
0.35 + 0.10"
0.40 + 0.03™

1.11 = 0.03%
0.35 + 0.00""
0.32 = 0.06™

Flavonoids
Catechin Control 0.15 + 0,10 0.16 +0.10™ 0.19 = 0.02* 0.21 £ 0,05 0.20 + 0,04
Fermented 0.15 + 0.08% 0.17 + 0.09% 0.18 + 0.03% 0.13 + 0.10% 0.21 + 0.03%
Epicatechin Control 0.07 + 0.01% 0.10 + 0.00"" 0.11 + 0.10™ 0.13 + 0.10™ 0.08 + 0.02""
Fermented 0.22 + 0.12" 0.14 + 0.05"" 0.13 + 0.11"" 0.08 + 0.07"" 0.11 +0.10""
Epicatechin Gallate Control 0.07 4 0.05* 0.09 + 0.08"" 0.10 + 0.06* 0.11 + 0.05* 0.10 + 0.10*
Fermented 0.09 £ 0.02%° 0.09 + 0.00%" 0.08 = 0.02° 0.05 £ 0.02%" 0.13 £ 0.08%*
Epigallocatechin Gallate Control 0.02 £+ 0.00%* 0.02 + 0.00%* 0.01 = 0.01% 0.05 + 0.00%* 0.03 4+ 0.02%*
Fermented 0.04 £+ 0,02 0.04 £+ 0,024 0.03 = 0.03* 0.02 £ 0,00 0.04 £ 0,014
Procyanidin B1 Control 0.05 + 0.03% 0.06 + 0.04% 0.08 = 0.06% 0.09 + 0.03% 0.09 + 0.05%
Fermented 0.49 + 0.20" 0.07 + 0.04"" 0.08 + 0.05" 0.05 + 0.04"" 0.09 + 0.07""
Procyanidin B2 Control 0.14 + 0.10™ 0.19 + 0.12" 0.20 = 0.06™ 0.22 4 0.10* 0.18 + 0.14™
Fermented 0.31 + 0.20™ 0.22 + 0.09"" 0.20 = 0.05"" 0.15 + 0.07™ 0.21 + 0.10"
Hesperidin Control 0.01 + 0.00% 0.14 + 0.06™ 0.17 = 0.02%* 0.20 + 0.08** 0.16 + 0.08"
Fermented 0.19 + 0,074 0.17 4+ 0.04%* 0.15 = 0,07 0.10 + 0.05"* 0.20 + 0,00
Rutin Control 0.06 + 0,05 0.07 + 0.05"* 0.07 = 0.03* 0.09 + 0,05 0.08 + 0.06™
Fermented 0.08 + 0.03* 0.07 + 0.04™ 0.07 = 0.05™ 0.05 =+ 0.07* 0.09 -+ 0.02*
Procyanidin A2 Control 0.09 + 0.01* 0.10 + 0.00™ 0.09 = 0.01™ 0.08 + 0.01™ 0.10 + 0.08"
Fermented 0.08 + 0.00"" 0.07 + 0.03"" 0.07 = 0.02"" 0.07 + 0.00"" 0.11 £ 0.10™
Quercetin 3-glucoside Control 5.84 + 0.25" 6.44 + 0.325¢ 7.26 = 0.10"¢ 8.48 + 0.22™ 7.39 +0.16"
Fermented 7.79 + 0.32°° 6.99 + 0.18"° 6.93 = 0.04% 4.61 +0.12" 8.28 + 0.09"
Kaempferol 3-glucoside Control 0.97 + 0.19% 1.08 + 0.06™ 1.25 + 0.10%° 1.45 + 0.09* 1.26 + 0.05"
Fermented 1.34 + 0.22%" 1.18 + 0.08*" 1.18 = 0.05% 0.78 + 0.025 1.22 +0.10*
Narigenin Control 0.26 + 0.08%" 0.31 £ 0.02%° 0.35 = 0.03%" 0.41 + 0.09** 0.36 + 0.02%°
Fermented 041 £ 0.16™ 0.34 £ 0.01%¢ 0.34 = 0.02°¢ 0.21 £ 0.03% 0.41 + 0.05""
Myricetin Control 0.40 + 0.20"" 0.51 +0.03"" 0.57 = 0.12%* 0.67 £ 0.03** 0.57 +0.01°"
Fermented 0.64 + 0,05 0.54 + 0.08"* 0.54 + 0.10™ 0.36 + 0.028° 0.64 + 0.06"
Isorhanmetin Control 0.06 + 0.03* 0.07 + 0.03" 0.07 + 0.00* 0.09 + 0.00* 0.08 + 0.02*
Fermented 0.08 + 0.00* 0.07 + 0.02* 0.07 + 0.03% 0.05 + 0.01* 0.08 + 0.02*
Phenolic Acids
Syringic Acid Control 0.17 + 0.15%* 0.20 + 0.12% 0.23 = 0.09** 0.28 + 0.10% 0.27 + 0.08%
Fermented 0.27 £ 0,10 0.22 + 0,10 0.22 = 0,08 0.15 £ 0.00%" 0.29 + 0,02
Gallic Acid Control 0.71 £ 0,125 0.69 +0.12% <LOD <LOD <LOD
Fermented 0.87 + 0.08% 0.67 + (J.]()M’ <LOD <LOD <LOD
Chlorogenic Acid Control 5.41 + 0.26™ 5.73 +0.17™ 6.60 = 0.08"" 7.70 + 0.06™ 6.69 + 0.05™

7.79 + 0.34™
0.04 + 0.01™

Fermented

Caffeic Acid Control

6.30 + 0.09"
0.05 + 0.02*

7.45 + 0.04""
0.06 + 0.00™

4.27 + 0.02
0.07 + 0.03*

6.32 = 0.03%
0.05 = 0.01™

Fermented 0.71 + 0.18% 0.05 + 0.01%" 0.05 = 0.04%° 0.04 + 0.02%° 0.07 + 0.05*°
Caftaric Acid Control 0.08 £ 0.07%* 0.10 + 0.08** 0.13 = 0.10™ 0.15 + 0.01* 0.14 + 0.02%*
Fermented 0.06 £ 0.03** 0.10 + 0.05"* 0.12 = 0.04%* 0.08 £ 0.02** 0.16 +0.01%*
p-Coumaric Acid Control <LOD <LOD 0.01 = 0.00%* <LOD 0.01 + 0.00%
Fermented 0.01 + 0.00" 0.01 + 0.00* 0.01 = 0.01** <LOD 0.02 £ 0.01™

Control: non-fermented pulp; Fermented: pulp fermented by LC1. Values are expressed as mean + standard deviation (mg/100 g). < LOD: lower detection level. A-B:
different capital letters superscript in the same column for the same compound denote difference (p < 0.05) between different treatments for the same time, according
to the Tukey test or t test; a-e: Different lowercase letters superscript in the same line for the same compound denote difference (p < 0.05) between different times for

the same treatment, according to the Tukey test or t test.

phenolic compounds (p < 0.05, day 0), as the fermented mangaba pulp
showed the highest concentrations (p < 0.05) of trans-resveratrol, epi-
catechin, procyanidin B1, procyanidin B2, hesperidin, quercetin 3-
glucoside, kaempferol 3-glucoside, narigenin, myricetin, syringic acid,
gallic acid, chlorogenic acid, caffeic acid, and p-coumaric acid (Table 4).
The probiotic culture metabolism (Table 2) may be associated with the
biotransformation capacity (Cheng et al., 2016). Probiotic microorgan-
isms can disintegrate the plant cell wall, synthesize or release different
phenolic compounds, convert simple phenolics, or depolymerize high
molecular weight phenolics (Oliveira et al., 2020). Furthermore, pro-
biotics can transform phenolic compounds through the action of
different glycosyl hydrolases, with the release of aglycone from glycol-
conjugated phenolic compounds (Pereira-Caro et al., 2015). Some bac-
terial species can catalyze O and C deglycosylation, demethylation,
dehydroxylation, ester cleavage, carbon-carbon double bond reduction,
isomerization, ring fission, and decarboxylation of phenolic compounds

(Braune & Blaut, 2016). Our results demonstrate that the fermentation
of mangaba pulp with LC1 resulted in a product with a higher concen-
tration of phenolic compounds from the stilbenes, flavonoids, and
phenolic acids groups.

After 7 days of storage, the fermented pulp continued to show the
highest concentrations (p < 0.05) of quercetin 3-glucoside, kaempferol
3-glucoside, chlorogenic acid, and p-coumaric acid. After 14-21 days of
refrigerated storage, the concentration of phenolics in the fermented
pulp decreased (p < 0.05) for trans-resveratrol, cis-resveratrol, procya-
nidin B2, hesperidin, quercetin 3-glucoside, kaempferol 3-glucoside,
naringenin, myricetin, syringic acid, and chlorogenic acid. Refriger-
ated storage can promote the degradation of some phenolic compounds.
The decrease in some phenolics may also be associated with their use by
probiotic cultures (Assis et al., 2021, Cheng et al., 2016).

On the other hand, an increase in the concentration of some phenolic
compounds in the fermented pulp was observed during refrigerated
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storage (p < 0.05). Trans-resveratrol, epicatechin gallate, procyanidin
A2, and quercetin 3-glucoside obtained their highest concentrations in
the fermented pulp at the storage end (p < 0.05). The increase in lactic
acid concentration in mangaba pulp fermented by LC1 (Table 2) may
have induced the structural breakdown of the plant cell wall of the fruit
pulp, resulting in the release of bound phenolic constituents (Guergo-
letto et al., 2017). Our results demonstrate that fermentation and
refrigerated storage may change the phenolic compounds profile. Still,
the fermented mangaba pulp showed higher concentrations of these
compounds, mainly those typical of mangaba pulp (trans-resveratrol and
quercetin 3-glucoside).

The concentration of phenolic compounds is important. However,
the biological properties of these compounds depend on their absorption
in the gastrointestinal tract (Filannino et al., 2015). These compounds
need to be released from the food matrix and absorbed during gastro-
intestinal digestion to exert their benefits.

3.5. Phenolic compounds after digestion and bioaccessibility during
storage

The SGC resulted in reductions in the concentrations of trans-
resveratrol, cis-resveratrol, epicatechin gallate, procyanidin B2, hes-
peridin, rutin, quercetin 3-glucoside, kaempferol 3-glucoside, narigenin,
myricetin, syringic acid, chlorogenic acid, caftaric acid, p-coumaric acid
and gallic acid in both formulations (p < 0.05, Table 53). The reduction
in the concentration of phenolic compounds can be explained by the
exposure of phenolics to the harsh conditions of the gastrointestinal
tract, mainly due to the effects of alkaline and acidic pH conditions on
the stability of these phenolic compounds (Oliveira et al., 2021).

However, there was an increase in the catechin compound, and this
probably occurred because catechin can be released from polymeric
flavonoids due to microbial metabolism and the activity of digestive and
intestinal enzymes, which break matrix-bound phenolic compounds
(Medeiros et al., 2021). Catechin may exert an antihypertensive effect
due to its angiotensin-converting enzyme inhibitory property and
induce endothelial recovery and lower blood pressure (Lapi et al., 2020).
Finally, reductions in epicatechin, procyanidin Bl, and caffeic acid
concentrations were observed only for the fermented pulp (p < 0.05),
which may be associated with their use by probiotic cultures (Assis et al.,
2021).

Fermentation with probiotic culture improved the bioaccessibility of
phenolic compounds from the fruit pulp during refrigerated storage.
Epicatechin, procyanidin B1, kaempferol 3-glucoside, and caffeic acid
had increased bioaccessibility during storage (p < 0.05, Table S2).
However, decreases in the bioaccessibility of trans-resveratrol, catechin,
epigallocatechin gallate, rutin, procyanidin A2, myricetin, and syringic
acid were observed during the storage of fermented pulp (p < 0.05). The
increase in bioaccessibility can be explained by the action of probiotic
cultures with the enzyme f-glucosidase, which can hydrolyze plant
f-glycosides and improve the bioaccessibility of phenolic compounds.
Therefore, the probiotic culture can biotransform phenolic compounds
into metabolites better absorbed in the gastrointestinal tract (Braga
et al., 2018). Consuming fermented products with more bioaccessible
phenolic compounds can provide beneficial effects regardless of the host
microbiota (Braga et al., 2018). The results suggest that LC1 contributed
positively to the profile and bioaccessibility of mangaba pulp phenolics.

3.6. Effect of LC1 on volatile compounds in fruit pulp during storage

Volatile compounds identified in mangaba pulps during refrigerated
storage are shown in Table 5. Eighty volatile compounds were identified
by GC-MS, comprising esters (30), terpenes (25), aldehydes (11), alco-
hols (7), ketone (4) and others (3). These compounds contribute mark-
edly to the fruity note of fruit-derived products (Sampaio et al., 2006). A
high content of alcohols, ketones, and terpenes may be associated with
the floral and fruity notes of fermented fruit products (Chen et al., 2018).
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The non-fermented mangaba pulp showed a higher concentration of
some esters (ethyl acetate, butyl acetate, 3-methyl-3-butenyl acetate, 2-
methyl-2-butenyl acetate, ethyl dodecanoate, and ethyl tetradecanoate),
terpenes (p-cymene and terpinolene), aldehyde (2-nonenal), alcohol (3-
methyl-2-butenol), and ketone (acetoin). A high content of acetate esters
has been linked to improved aroma perception in beverages (Valera
et al., 2021). Fruit and green notes are related to the presence of terpi-
nolene and 2-nonenal, while citrus and green aroma may be associated
with p-cymene (Gou et al., 2023). Therefore, these volatile compounds
may represent part of the volatile profile of mangaba pulps.

The fermentation with probiotic cultures resulted in increases in the
concentration of volatile compounds of all groups, such as esters (ethyl
butanoate, isoamyl acetate, 3-methyl-2-butenil acetate, butyl butanoate,
hexyl acetate, isoamyl butanoate, 4-pentenyl butyrate, methyl benzoate,
benzyl acetate, ethyl benzoate, methyl salicylate, octyl acetate, ethyl
phenylacetate, p-phenylethyl acetate, dimethyl salicylate, citronellol
acetate, nerol acetate, ethyl 2-methoxy benzoate, isoamyl benzoate, and
ethyl hexadecanoate), terpenes (f-myrcene, D-limonene, -(Z)-ocimene,
trans-p-ocimene, isocamphane, linalool oxide, linalool, 1,3,8-p-metha-
triene, a-terpineol, geraniol, nerolidol, eugenol, p-damascenone, car-
yophyllene, y-elemene, aromandendrene, geranyl acetone, humulene,
y-selenene, f-candinene, and §-Cadinene), aldehyde (benzaldehyde,
benezeneacetaldehyde, (E)-2-octenal, decanal, dimethylbanzaldehyde,
(E)-2-decenal, (E-E)-2,4-decadienal, and 2-undecenal), alcohols (3-
methyl-3-butenol, benzyl alcohol, octanol, and phenylethyl alcohol),
and ketones (6-methyl-5-hepten-2-one, 2-nonanone, and 6-methyl-3,5-
heptadien-2-one). The compounds quantified in higher concentrations
in the fermented mangaba pulp contribute to sensory characteristics,
such as floral notes (linalool, decanal, phenyl ethyl alcohol, ethyl ben-
zoate, p-(Z)-ocimene), sweet aroma (linalool, decanal, benzaldehyde),
herbaceous/green aroma (6-methyl-5-hepten-2-one, (E)-2-octenal,
a-terpineol), wood aroma (caryophyllene, linalool, humulene, 5-Cadi-
nene), fruity aroma (ethyl butanoate, p-myrcene, octyl acetate, benzyl
alcohol, ethyl benzoate), citric notes (D-limonene, undecanal, octanol,
6-methyl-5-hepten-2-one, geraniol), bitter almond note (benzyl alcohol,
dimethyl benzaldehyde), and refreshing and mint aroma and flavor
(o-terpineol) (Pan et al., 2022, Gou et al., 2023).

Probiotic bacteria can promote bioconversion and produce new ar-
omatic compounds, thus affecting pulp aroma. The butyl hexanoate
ester (1.89 ug/100 g) and the isoamyl alcohol (93.10 pg/100 g) were
only quantified at the end of storage (28 days) in the fermented pulp (p
< 0.05). It is considered that alcohols are formed by sugar metabolism,
ketone reduction, amino acid metabolism, and fatty acid degradation
(Bezerra et al., 2017). In particular, the production of isoamyl alcohol is
related to the catabolism of leucine by lactic acid bacteria (Smit et al.,
2005).

The volatile flavor compounds in mangaba pulp samples were
analyzed by the OAV method, and each compound’s contributions to the
pulp flavor were evaluated (Table 6). Then, 26 flavoring substances with
OAV > 1 were found, including 7 esters, 6 terpenes, 7 aldehydes, 2 al-
cohols, 2 ketones, and 2 others. The compounds isoamyl acetate, D-
Limonene, geraniol, benzaldehyde, isoamyl alcohol and 6-methyl-5-
hepten-2-one indicated to be the main flavor active substances in the
fermented mangaba pulp samples at the end of storage. The isoamyl
alcohol, 2-nonanone and naphthalene were flavoring substances
perceived only after fermentation and storage of mangaba pulp.
Furthermore, methyl benzoate, (E)-2-octenal and (E)-2-decenal were the
main flavor active substances for all samples compared to the other
compounds.

Our results demonstrate that LC1 fermentation contributed to the
formation of diverse volatile compounds, which could improve product
aroma.

3.7. Sensory evaluation by preferred elicitation attribute (PAE)

The sensory attributes of mangaba pulp considered important by
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Table 5
Volatile compounds in mangaba pulp fermented by LC1 during 28 days storage.
Class Compound (ug/100 g) LRI Control Fermented
Time
0 14 28 0 14 28

ESTER Ethyl Acetate <800  59.19 = 8.64° 15.08 + 1.36" 4.56 + 0.91° 31.35 + 8.85° 10.79 = 1.68¢ 4.52 + 0.70°
Ethyl butanoate 800 18.23 + 3.85" 6.34 + 0.93° 5.15 + 1.36% 66.49 + 9.73% 2.39 + 0.63° 4.23 + 0.11°
Butyl acetate 810 2.62 + 0.53 0.50 = 0.10% 0.57 + 0.06° 1.36 + 0.26° 0.55 + 0.13¢ 6.62 + 0.60°
Isoamyl acetate 871 145.05 + 11.55%  117.44 4+ 28.90°  171.21 + 3.38°  211.35 + 7.31"  94.94 = 7.14' 215.46 = 21.12"
3 Methyl 3 butenyl acelate 881 171.60 + 5.44° 154.90 +19.63°  198.40 + 8.56"  132.38 + 16.56°  127.63 +16.10°  255.95 + 27.65"
3-Methyl-2-butenyl acetate 920 64.34 = 5.38° 54.19 + 10.01¢ 67.69 £15.13"  97.11 £21.82"  54.74 = 5.60" 53.55 + 3.41"
2-Methyl-2-butenyl acetate 926 1.43 £ 0.35° 1.63 = 0.13° 2.21 +0.05% <LOD <LOD <LOD
Butyl butanoate 991 3.95 + 0.97° 3.77 = 1.09° 2.60 + 0.08° 16.12 + 0.94° 3.76 4 0.15° 3.02 + 0.26%
Hexyl acelate 1011 5.50 + 0.04° 4.31 = 0.35° 4.62 + 0.49% 6.44 + 1.49° 5.16 + 0.36° 12.82 + 2.09*
Isoamyl butanoate 1055  4.20 + 0.83° 279 = 0.21° 3.00 + 0.75° 8.45 + 2.02" 4.41 + 0.07¢ 7.08 + 0.91”
4 Pentenyl butyrate 1065 2.70 + 0.59 0.94 = 0.08¢ 1.09 +0.17° 5.27 + 1.05" 0.66 + 0.16° 1.06 + 0.26°
Methyl benzoate 1093 25.81 = 0.29° 24.22 +1.91° 27.47 + 4.73° 56.88 + 8.48" 28.87 = 0.58¢ 29.71 + 2.98"
Benzyl acetate 1163 3.30 +0.38 1.69 = 0.34¢ 2.81 + 0.09° 6.34 = 0.94° 1.01 + 0.37° 1.44 + 0.04°
Ethyl benzoate 1170 39.47 = 0.01° 38.81 + 2.07° 5214 £2.38Y  101.94 +17.83"  60.04 =11.48°  75.75 + 1.57"
Butyl hexanoate 1186  <LOD <LOD <LOD <LOD <LOD 1.89 + 0.13
Methyl salicylate 1193 17.06 = 1.04 17.64 + 1.84° 24.15 + 0.864 40.67 = 0.78% 23.68 = 4.48° 34.12 + 0.22°
Octyl acetate 1206 0.64 + 0.04° 0.30 = 0.00° 0.80 + 0.08° 0.99 = 0.13" 0.71 + 0.16° 1.20 + 0.06"
Ethyl phenylacetate 1243 3.81 £0.17° 4.86 = 0.44° 5.25 + 0.29" 3.99 = 0.83¢ 3.83 + 0.97¢ 6.65 + 0.45°
f-Phenylethyl acetate 1255  3.58 + 0.25¢ 2.84 = 0.56° 4.43 + 0.36" 5.91 + 0.35 2.41 4 0.09° 4.05 + 0.08°
Ethyl salicylate 1265  6.25 + 1.12° 6.91 = 0.10% 9.56 + 0.40° 6.27 + 0.69° 8.17 + 2.98" 1.10 + 0.08°
Dimethyl salicylate 1337  1.52+0.28 1.73 + 0.20° 2.74 + 0.12¢ 411 + 0.46° 2.57 + 0.67° 4.91 + 0.81°
Citronellol acetate 1350  6.72 +0.95 8.35 = 0.22° 1043 +0.07  15.88 + 2.10° 10.13 = 1.35° 15.10 + 0.19°
Nerol acetate 1370 2.59 £0.47° 2.49 = 0.47° 3.91 + 0.38¢ 1.69 = 1.49° 1.97 + 0.89° 8.06 + 1.27°
Ethyl decanoate 1392 0.55 £ 0.10° 0.58 = 0.01° 0.67 + 0.07° 0.57 £ 0.12° 0.77 £ 0.07° 1.39 + 0.31°
Ethyl 2-methoxybenzoate 1403 0.80 £ 0.20° 1.62 = 0.12° 1.03 +£0.11¢ 2.93 £ 0.05" 1.27 £ 0.42° 1.83 + 0.26"
Isoamyl henzoate 1437 0.54 +0.17¢ 0.64 = 0.17¢ 0.84 + 0.20° 1.55 + 0.51° 0.90 + 0.06¢ 1.24 + 0.21°
Ethyl dodecanoate 1590 2,64 + 0.84" 0.17 = 0.05" 0.18 + 0.04¢ 0.56 + 0.14" 0.42 + 0.03° 0.43 + 0.06°
Ethyl tetradecanoate 1790 0.06 + 0.02" 0.12 = 0.02" 0.16 + 0.01° <1OD <1OD <10D
Methyl hexadecanoate 1921 0.10 + 0.03 0.14 = 0.01" 0.18 + 0.05” 0.14 + 0.01” 0.10 + 0.10" 0.31 + 0.06°
Ethyl hexadecanoate 1991 0.20 £ 0.00° 0.50 = 0.02° 0.58 + 0.16" 0.62 = 0.11" 0.56 + 0.05° 0.97 + 0.09°

TERPENE p-Myrcene 989 1.75 £ 0.21° 3.78 = 0.72° 2.50 + 0.68" 11.17 + 1.25° 2,92 4 0.41° 3.07 £ 0.86%
p-Cymene 1023 1.71 £0.49° 0.38 = 0.00° 0.73 £ 0.09° 0.73 £ 0.09° 0.51 4 0.02¢ 1.53 £ 0.21°
D Limonene 1027 8.34 +2.13° 8.75 = 0.90 10.21 + 293¢ 1494 + 4.01° 24 = 1.05° 34.15 + 8.93%
f () Ocimene 1036 3.93 + 0.51° 275 + 10.13 + 0.69" 5 + 1.06° 11.79 +1.71°
trans  Ocimene 1047 4.26 +0.75 9 + 4.82 + 0.94" 2 -+ 0.567 4.60 + 0.18°
Isocamphane 1052 3.18 + 0.08° 275 + 0.34° 3.20 + 0.26° 5.14 + 0.84" 3.17 4 0.09¢ 6.23 + 1.57
Linalool oxide 1072 1.83 £ 0.10° 1.01 = 0.07° 1.11 +0.24° 4.35 + 0.03" 1.58 + 0.07¢ 4.08 + 0.60°
Terpinolene 1087  3.77 +0.26° 1.56 = 0.02¢ 0.65 + 0.08° 3.28 + 0.95° 0.18 + 0.01" 7.05 + 1.49°
Linalool 1096 30.41 = 2.31° 26.10 + 0.10° 31.64 £5.16° 76,50 £ 17.63"  39.27 = 5.65° 52.63 + 15.87°
1,3,8-p-Menthatriene 1122 2.31 £0.65 0.48 = 0.16 1.67 + 0.33° 7.75 + 0.38% 0.91 + 0.02° 1.39 + 0.044
- Terpineol 1190 5.95 +0.13¢ 5.53 = 0.34° 10.13 + 1.32¢ 18.80 + 0.96" 10.77 = 0.75° 12.97 + 013"
Geraniol 1251 2.28 +0.12° 1.76 = 0.44f 3.32 +0.21¢ 5.15 + 1.41° 3.70 + 1.23° 6.12 + 0.29°
Eugenol 1357  3.37 £0.27° 4.40 = 0.61¢ 5.64 + 0.64° 8.75 + 2.26" 4.51 + 0.49° 7.33 + 0.82°
p-Damascenone 1385  3.44 +0.30' 3.91 = 0.33° 5.65 + 0.12¢ 11.19 + 0.17° 6.45 + 0.28° 8.84 + 1.00°
Caryophyllene 1422 10.60 = 1.49° 13.22 + 2.11° 19.71 + 1.57° 24.94 + 3.11° 16.20 = 1.56% 27.19 +0.11°
y-Elemene 1434 0.24 +0.02° 0.32 = 0.04" 0.42 + 0.02° 0.30 + 0.10° 0.24 4 0.01° 0.58 + 0.10°
Aromandendrene 1446 0.23 £ 0.05° 0.43 + 0.01¢ 1.23 + 0.03" 0.42 + 0.05¢ 0.63 £ 0.04"
Geranyl acetone 1449 1.13 £0.21° 1.24 +0.11¢ 1.30 £ 0.36° 1.78 £ 0.11°
Humulene 1460  1.15 £ 0.36 2 . 2.48 +0.26" 2.07 + 0.39° 3.43 £ 0.05*
v Selinene 1481 0.25 + 0.06° 0.51 = 0.16° 1.28 + 0.36" 0.44 + 0.05¢ 1.19 + 0.06"
Eremophilene 1501 0.68 + 0.17° 1.21 + 0.23° 1.52 + 0.50" 2,01 + 0.03" 2.25 + 0.22°
f-Cadinene 1519 0.20 + 0.06° 0.23 = 0.06° 0.20 + 0.03° 0.47 + 0.02° 0.33 + 0.09" 0.60 + 0.08"
5 Cadinene 1527 2.20 + 0.02° 272 + 0.15° 3.56 + 0.55° 4.81 + 0.90" 3.18 + 0.89° 5.35 + 0.76°
Nerolidol 1510 0.26 £ 0.01° 0.30 = 0.00° 0.35 + 0.05° 0.56 = 0.06° 0.58 4 0.15" 0.82 + 0.13
Cadalene 1680  0.13 +0.03 0.21 = 0.02° 0.12 +0.10° 0.18 = 0.04° 0.20 + 003" 0.39 & 0.05°

ALDEHYDE  Benzaldehyde 961 12.84 = 2.30° 22,09 + 1.13¢ 67.35 £12.30° 1647 £ 1.86% 18.16 = 0.33° 139.74 = 0.10°
Benzeneacetaldehyde 1043 3.90 + 0.94¢ 2.41 = 0.22° 2.97 +0.58¢ 5.31 =+ 1.81° 1.65 + 0.45° 7.10 + 0.53*
(E) 2 Octenal 1056 6.39 + 0.94° 4.93 = 0.12° 7.46 + 1.66" 16.86 + 0.86" 6.39 + 0.96° 9.12 + 0.03"
2 Nonenal 1157 1.29 +0.19" 0.38 = <LOD <LOD <LOD <LOD
Decanal 1201 273 +0.04 3.37 = 5.49 + 0.35" 4.24 + 0.62° 2.71 + 0.79° 3.76 + 0.59°
2,5-Dimethylbenzaldehyde 1212 0.56 + 0.06° 027 = 0.81 + 0,081 9.03 + 2.28" 20.36 = 4.08" 1.55 + 0.03°
(E)-2-Decenal 1258  5.44 +0.82% 6.30 = 8.49 + 0.94° 10.56 + 2.70° 5.19 + 0.05° 8.77 + 0.75°
Undecanal 1301 1.73+0.19 2.06 = 0. 2.73 +0.16% 4.68 = 0.03" 2.38 + 0.71° 3.26 + 0.23°
(E,E)-2,4-Decadienal 1313 1.05 +0.02° 2.22 = 0.11° 1.92 + 0.09° 2.33 £ 0.11* 0.79 + 0.01" 1.00 + 0.21¢
2-Undecenal 1360 1.63 + 0.38" 2.59 = 0.86° 4.34 +0.03° 4.03 = 0.95" 3.29 + 0.05° 5.39 + 0.90°
Tetradecanal 1610 0.04 £ 0.00 0.05 = 0.01" 0.05 + 0.01* <LOD <LOD <LOD

ALCOHOL  3-methyl-3-butenol <800 9270 = 2.37° 118.30 + 3.28° 144.03 +0.71°  176.87 £ 17.97° 91.78 =10.87°  107.61 = 8.78¢
Isoamyl alcohol <800  <LOD <LOD <LOD <LOD <LOD 93.10 + 3.30
3-Methyl-2-butenol <800  19.97 = 1.61° 4.10 = 0.45° 13.00 + 3.57°  8.23 + 0.22¢ 4.37 4 0.97° 15.99 + 0.75"
Hexanol 865 3.92 + 0.03° 1.27 = 0.17° 2.16 + 0.32¢ 3.48 + 0.48° 2.23 + 0.67° 4.95 + 0.04°
Benzyl alcohol 1034 2.75 £ 0.59° 1.62 = 0.23° 0.97 + 0.05 4.98 = 1.46 2.63 + 0.23¢ 6.93 + 0.54°

(continued on next page)
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Table 5 (continued)
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Class Compound (ug/100 g) LRI Control Fermented
Time
0 14 28 0 14 28
Octanol 1069  1.81 + 0.04¢ 1.00 = 0.01° 2.46 + 0.25° 2.95 + 0.72" 1.42 + 0.42¢ 3.28 + 0.10°
Phenylethyl alcohol 1111 27.59 = 4.41° 24.82 + 0.15 39.94 £0.55¢  69.32+17.53"  39.63 = 1.20° 47.26 + 7.95°
KETONE Acetoin <800  21.81 = 1.87° 17.08 + 0.33" <LOD <LOD <LOD <LOD
6-Methyl-5-hepten-2-one 986 2.80 + 0.09° 2.58 = 0.34° 3.35 +0.31° 2.70 + 0.67° 2.73 + 0.77° 9.42 + 1.13*
2-Nonanone 1089  <LOD <LOD <LOD 6.53 = 0.79" 2.84 4 0.58° 4.63 + 0.08"
6-Methyl 3,5 heptadien 2.one 1102 9.92 + 0.07° 10.59 + 0.32¢ 10.10 + 0.65° 26,91 + 1.35 13.11 = 0.76° 13.83 + 2.82°
OTHERS Benzyl nitrile 1140 3.12 + 0.58° 1.54 = 0.30° 1.38 + 0.02 + 1. 2.45 + 0.40° 3.40 + 0.59"
Naphthalene 1183  <LOD <1OD 0.44 +0.11° <1OD <LOD 0.38 + 0.07"
y-Decalactone 1467 174 £0.31° 3.36 = 0.28° 5.01 £ 1.49° 5.86 = 1.71° 1.32 +1.21° 7.62 £ 0.00°

" Linear Retention Index. Control: non-fermented pulp; Fermented: pulp fermented by LC1. Values are expressed as mean = standard deviation (ug/100 g). < LOD:
lower detection level; a-f: different lowercase letters substituted in the same line denote differences (p < 0.05) between the same compound for different treatments,

according to Tukey's test or (-test.

consumers are presented in Table S4. Consumers identified 20 important
attributes, being 6 in appearance (fresh appearance, brightness, yellow
color, orange color, grainy appearance, brown color), 5 in aroma
(typical aroma, fresh aroma, sweet aroma, citric aroma, fermented
aroma), 6 in flavor (sweet taste, typical flavor, sour taste, fermented
taste, astringent, bitter taste) and 3 in texture (homogeneous texture,
pastry texture, and sandy texture). Consumers indicated that fresh
appearance, brightness, yellow color, typical and fresh aroma, sweet
taste, typical flavor, and homogeneous texture are the most important
attributes for product acceptance. On the other hand, the least desired
attributes were the grainy appearance, the brown color, the fermented
aroma and taste, the astringent and bitter taste, and the sandy texture.

Fig. 1 presents the GPA maps for the control and fermented pulps. A
total data variation of 64.12 % was explained in two main components
(PC1 = 45.35 % and PC2 = 18.77 %). The total explanation may be
significant as the assessors were untrained consumers (Fernandes et al.,
2021). The attributes yellow color, orange color, brightness, fresh
appearance, typical aroma, sour taste, bitter taste, and typical flavor
were positively correlated with F1. In contrast, the grainy appearance,
brown color, fermented aroma, sandy texture, and sweet taste were
correlated negatively with this axis. In F2, homogeneous texture and
fermented taste were negatively correlated. Sweet aroma, citric aroma,
pasty texture, and astringent taste showed correlations lower than 0.7,
indicating that these attributes were possibly in similar intensities in the
products.

The PC1 separated the control formulations (left side of the axis)
from the fermented formulations (right side of the axis). The control
formulations were characterized by their grainy appearance, brown
color, fermented aroma, sandy texture, and sweet taste, which were
attributes not desired by consumers (except for sweet taste). At the same
time, the fermented formulations were characterized by yellow color,
orange color, brightness, fresh appearance, typical aroma, sour taste,
bitter taste, and typical flavor, which consumers desired (except for
bitter taste). The PC2 separated formulations based on storage time, as
the formulations with 0 and 14 days were below the axis, and formu-
lations with 28 days were above the axis. In the formulations with 0 and
14 days, a greater homogeneous texture and fermented taste were
observed.

The fermentation of mangaba pulp with LC1 improved the typical
characteristics of the products (yellow/orange color, brightness, fresh
appearance, typical aroma, and flavor). Furthermore, the higher acidity
of the probiotic product (Tables 2 and 3) was perceived, as the probiotic
mangaba pulps showed a higher sour taste. The impact of refrigerated
storage was also observed, mainly by changes in the homogeneous
texture and fermented taste.

3.8. Content of sugars, organic acids, pH, and identification of phenolic
compounds in fruit pulp during fecal fermentation

The results of variations in sugar and organic acid contents and pH
values are presented in Table 7. During colonic fermentation, there was
a decrease in pH values in all groups, and the lowest values were
registered in the mangaba pulp (MAN: 7.33, p < 0.05) and fermented
mangaba pulp (MAN_LC1: 7.27) within 48 h (p < 0.05). The drop in pH
is caused by the production of organic acids resulting from the con-
sumption of sugars present in the fruit pulp, mainly glucose, and fruc-
tose, by probiotic cultures and/or other microorganisms present in the
fecal samples (Guergoletto et al., 2017).

All groups after colonic fermentation showed an increase in the
production of acetic, propionic, and butyric acids and a decrease in the
concentration of fructose and succinic, lactic, and formic acids (p <
0.05). Reported studies have shown that acetic acid can be used as an
energy source for the intestinal microbiota and peripheral tissues and
may be related to the inhibition of pathogens and greater abundance of
Lactobacillus spp. and Bifidobacterium spp. (Zhou et al., 2018, Medeiros
et al.,, 2021, Pravasi, 2014). Propionic acid is produced in the human
intestine mainly by Bacteroidetes and Firmicutes (Zhou et al., 2018;
Russel et al., 2013). It is an inhibitor of gluconeogenesis and cholesterol
synthesis in the liver and has antibacterial and anti-inflammatory ef-
fects, protecting the human intestine against pathogens (Havenaar,
2011). Butyric acid exerts the strongest anti-inflammatory effect of all
short-chain fatty acids (SCFAs) (Kuczyrnska, et al., 2011). Furthermore,
this acid is the main energy source of intestinal epithelial cells, able to
modulate gene expression with beneficial immunoregulatory effect on
intestinal epithelial cells and other mucosal cell populations (Marko-
wiak-Kopeé & Slizewska, 2020).

After 48 h of fermentation, the fermented mangaba pulp (MAN_LC1)
showed a higher consumption of maltose, glucose, glycerol, and citric
acid (p < 0.05). Intestinal bacteria such as Enterococcus, Lactobacillus,
and Bifidobacterium spp. can metabolize complex carbohydrates and,
mainly, sugars, producing organic acids and decreasing pH values
(Medeiros et al., 2021). Lactic acid bacteria species also have the
property of using citric acid as a carbon source through the action of
citrate lyase in the early stages under favorable acidity, producing acetic
acid besides lactic acid (Droux & Bernard, 2017). Thus, citric acid may
have been broken down into other compounds by the microbiota, such
as acetic acid (Li et al., 2021).

At the same time, rhamnose was found in higher concentrations in
the fermented mangaba pulp (MAN_LC1: 0.12 g/L). The presence of
rhamnose suggests that in mangaba pulp, probiotic culture possibly
degraded rhamnose-containing polysaccharides, such as pectin, into
monosaccharides (Kaprasob et al., 2017).

The results of variations in phenolic compound contents are pre-
sented in Table 8. Stilbenes, flavonoids, and phenolic acids were
detected in the CTL, MAN, and MAN_LC1 groups before and after 48 h of
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Table 6
Flavour-active compounds in pulp of mangaba identified by OAV.
Class Compound (ng/100 g) TV (mg/L) Control Fermented
OAV-TO OAV-T14 OAV-T28 OAV-TO OAV-T14 OAV-T28
ESTER Ethyl Acetate 20.00 0.03 0.02 0.00 0.02 0.01 0.00
Ethyl butanoate 0.10 0.33 0.16 0.13 1.66 0.06 0.11
Butyl acetate 7.50 0.00 0.00 0.00 0.00 0.00 0.01
Isoamyl acetate 0.50 2.90 2.35 3.42 4.23 1.90 4.31

3 Methyl 3 butenyl acetate
3-Methyl-2-butenyl acetate
2-Methyl-2-butenyl acetate

Butyl butanoate 0.10 0.40 0.38 0.26 1.61 0.38 0.30
Hexyl acetate 3.50 0.02 0.01 0.01 0.02 0.01 0.04
Isoamyl butanoate 0.13 0.32 0.21 0.23 0.65 0.34 0.54
4-Pentenyl butyrate
Methyl benzoate 0.0025 103.24 96.88 109.88 227.52 115.48 118.84
Benzyl acetate 85.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethyl benzoate 0.406 6.58 6.47 8.69 16.99 10.01 12.63
Butyl hexanoate 0.70 0.03
Methyl salicylate 0.04 4.27 4.41 6.04 10.17 5.92 8.53
Octyl acetate 0.50 0.01 0.01 0.02 0.02 0.01 0.02
Ethyl phenylacetate 0.65 0.06 0.07 0.08 0.06 0.06 0.10
p-Phenylethyl acetate 0.20 0.18 0.14 0.22 0.30 0.12 0.20
Ethyl salicylate 0.084 0.74 0.82 1.14 0.75 0.97 013
Dimethyl salicylate
Citronellol acetate 1.80 0.04 0.05 0.06 0.09 0.06 0.08
Nerol acetate 1.60 0.02 0.02 0.02 0.03 0.03 0.05
Ethyl decanoate 0.57 0.01 0.01 0.01 0.01 0.01 0.02
Ethyl 2-methoxybenzoate
Isoamyl benzoate 0.25 0.02 0.03 0.03 0.06 0.01 0.05
Ethyl dodecanoate 2.00 0.01 0.00 0.00 0.00 0.00 0.00
Eﬂlyl tetradecanoate 2.50 0.00 0.00 0.00 0.00 0.00 0.00
Methyl hexadecanoate 87.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethyl hexadecanoate 2.00 0.00 0.00 0.00 0.00 0.00 0.00
TERPENE p-Myrcene 0.01 4.75 3.78 2.50 11.17 2.92 3.07
p-Cymene 7.20 0.00 0.00 0.00 0.00 0.00 0.00
D-Limonene 0.01 8.34 8.75 10.21 14.94 13.24 34.15
p-(Z) Ocimene 34.00 0.00 0.00 0.00 0.00 0.00 0.00
trans-p-Ocimene 0.034 1.25 0.76 0.97 1.42 0.98 1.35
Isocamphane
Linalool oxide 0.32 0.06 0.03 0.03 0.14 0.05 0.13
Terpinolene 41.00 0.00 0.00 0.00 0.00 0.00 0.00
Linalool 15.00 0.02 0.02 0.02 0.05 0.03 0.04
1,3,8-p-Menthatriene 0.015 1.54 0.32 1.11 517 0.61 0.93
a-Terpineol 1.00 0.06 0.06 0.10 0.19 0.11 0.13
Geraniol 0.01 2.28 1.76 3.32 5.15 3.70 6.12
Eugenol 0.002 16.85 22.00 28.20 43.75 22.55 36.65
p-Damascenone 0.20 0.17 0.20 0.28 0.56 0.32 0.44
Caryophyllene 0.45 0.24 0.29 0.44 0.55 0.36 0.60

v-Elemene
Aromandendrene

Geranyl acetone 0.06 0.19 0.28 0.21 0.51 0.22 0.30
Humulene 0.80 0.01 0.02 0.03 0.02 0.03 0.01
v-Selinene

Eremophilene
p Cadinene
§ Cadinene

Nerolidol
Cadalene

ALDEHYDE Benzaldehyde 0.025 5.14 8.84 26.94 6.59 7.38 55.90
Benzeneacetaldehyde 2.50 0.02 0.01 0.01 0.02 0.01 0.03
(E)-2-Octenal 0.00002 3195.00 2465.00 3730.00 8430.00 3195.00 4560.00
2 Nonenal 0.002 6.45 1.90
Decanal 0.0009 30.33 37.44 61.00 47.11 30.11 41.78
2,5-Dimethylbenzaldehyde 0.20 0.03 0.01 0.04 0.45 1.02 0.08
(E)-2-Decenal 0.001 54.40 63.00 84.90 105.60 51.90 87.70
Undecanal 0.001 17.30 20.60 27.30 46.80 23.80 32.60
(E,E)-2,4-Decadienal 0.00068 15.44 32.65 28.24 34.26 11.62 14.71
2-Undecenal
Tetradecanal 0.11 0.00 0.00 0.00

ALCOHOL 3-methyl-3-butenol 17.00 0.05 0.07 0.08 0.10 0.05 0.06
Isoamyl alcohol 0.06 15.52
3-Methyl-2-butenol
Hexanol 4.00 0.01 0.00 0.01 0.01 0.01 0.01
Benzyl alcohol 900.00 0.00 0.00 0.00 0.00 0.00 0.00
Octanol 0.90 0.02 0.01 0.03 0.03 0.02 0.01
Phenylethyl alcohol 0.01 6.90 6.21 9.99 17.33 9.91 11.82

(continued on next page)
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Table 6 (continued)
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Class Compound (ug/100 g) TV (mg/L) Control Fermented
OAV-TO OAV-T14 OAV-T28 OAV-TO OAV-T14 OAV-T28
KETONE Acetoin 50.00 0.00 0.00
6-Methyl-5-hepten-2-one 0.05 0.56 0.52 0.67 0.54 0.55 1.88
2-Nonanone 0.02 3.27 1.42 2.32
6-Methyl-3,5-heptadien-2-one
OTHERS Benzyl nitrile 0.0672 0.46 0.23 0.21 1.57 0.36 0.51
Naphthalene 0.00044 10.00 8.64
¥ Decalactone 0.40 0.04 0.08 0.13 0.15 0.11 0.19
OT: odor threshold value of the compound; OAV: odor activity value.
4
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Fig. 1. GPA biplot maps for the control and fermented pulps (F1 x I2).

colonic fermentation. Epicatechin and hesperidin compounds increased
in concentration after 48 h of fecal fermentation for all evaluated groups
(p < 0.05), suggesting a typical change derived from fermentation.
Quercetin 3-glucoside, syringic acid, and procyanidin B1 showed the
highest concentrations in CTL before fermentation, while epicatechin
gallate contents increased in concentration after 48 h (p < 0.05). Ac-
cording to previous studies, syringic and gallic acids are mainly degra-
dation products of malvidin-3-glucoside (Hidalgo et al., 2012). At the
same time, the addition of fruit pulp (MAN) resulted in an increase in
procyanidin A2 and gallic acid after 48 h (p < 0.05). Gallic acid is a
secondary metabolite of polyphenols well known for its antioxidant
characteristics and antihyperlipidemic, cardioprotective, anti-
hyperglycemic, and anticancer actions (Ashrafizadeh et al., 2021).
Finally, the fermented mangaba pulp (MAN_LC1) showed an increased
concentration of procyanidin Bl and gallic acid and a decreased con-
centration of catechin and procyanidin A2 (p < 0.05). Studies indicate
that a long fermentation period negatively influences the concentration
of some bioactive substances like catechin (Alvarez et al., 2017). Our
results demonstrate that the phenolic compounds during fecal

11

fermentation may vary according to the substrate used (control, man-
gaba pulp, or fermented mangaba pulp).

3.9. Effect of fruit pulp on the intestinal microbiota

The effect of fermented mangaba pulp on the intestinal microbiota
was evaluated using high-throughput sequencing analysis. The richness
and a-diversity of the intestinal microbiota, evaluated by the observed
indices, Chaol, se.chaol, ACE, se.ACE, Shannon, Simpson, and
InvSimpson for all treatments are shown in Table 9.

The se.chaol, Simpson, and InvSimpson indices showed no signifi-
cant difference between groups (p > 0.05). The control feces showed the
highest values of the Observed, Chaol, and ACE indices at time
0 (CTL_Oh, 771.50, 806.65, and 795.90, respectively) (p < 0.05). At the
same time, the lowest values of the Observed, ACE, and Chaol indices
were found in the fermented mangaba pulp (MAN_LC1_48h, 539.50,
584.25, and 588.45, respectively). Finally, the fermented mangaba pulp
also showed a lower Shannon index value (MAN_LC1 _48h, 5.94)
compared to CTL_Oh, but it did not differ from CTL_48h and MAN_48h
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Table 7
Content of sugars, organic acids and pIl in colonic fermentation experiments
with mangaba pulp fermented by LC1.

Food Research International 186 (2024) 114403

Table 8
Phenolic compounds in colonic fermentation experiments with mangaba pulp
fermented by LC1.

Sugar(g/  Time (h) Phenolics (mg/100 g) Treatments Time (h)
D oh 48h 0 a8
CTL MAN MANLCI  CTL MAN MAN _LC1 Stilbenes
Maltose 0.08 0.04 0.03 + 0.02 0.08 +  <LOD Cis-Resveratrol CIL 013+ 0'02: 013+ O‘OO::
i . 0.02% T b MAN 0.10 + 0.03~M 0.11 + 0.04M
002%  0.00% 001%™ MAN_LC1 0.11 + 0.02 0.08 + 0.03
Glucose 0.18 0.23 0.14 + 0.27 0.06 +  <LOD
+ + 0.12% + 0.014¢ Flavonoids
0.12** 010" 0.09%* Catechin CTI._ 0.08 + 0.04* 0.05 + 0.01*
Fructose 0.16 0.20 0.13 + 0.02 006+  0.10= MAN_ 0.05 + 0.01° 0.04 + 0.00™
+ + 0.09™ + 0.08""  0.01%" MAN LC1 0.05 + 0.02* <LOD
008" 0,04 0.10°" Epicatechin CTL 0.02 + 0.00%° 0.34 +0.05"*
Glycerol 0.04 0.05 0.05 + 0.07 0.06 +  <LOD MAN_ 0.02 + 0.02%° 0.51 +0.15
+ + 0.025* + 00247 MAN LC1 0.02 + 0.00* 0.36 + 0.02%
0.01%  0.03% 0.01% Epicatechin Gallate CTL <LOD 0.04 +0.02
Rhamnose <LOD <LOD <LOD <LOD <LOD 0.12 = MAN <LOD <LOD
0.00% MAN LC1 <LOD <LOD
Procyanidin B1 CTL 0.15 + 0.00* <LOD
MAN 0.01 +0.01% 0.02 + 0.02"*
Organic acids (g/L) MAN_LC1 <1LOD 0.02 + 0.00*
Gitric 90% 006k 0044 006 006  XIOD Procyanidin B2 CIL 0.09 + 0,06 0.08 + 0,07
- oi.01°‘ 03 iozc“ %03 MAN 0.08 + 001 0.08 +0.03
N MAN LC1 0.08 £ 0.03” 0.07 + 0.02%*
Succinic 0.82 0.96 1.01 + 0.13 0.10 + 0.10 = - A
+ + 0.10% + 0.10% 0,055 Hesperidin CTL <LOD 0.91 £ ().12A
Sy VR, 0.035 MAN_ <1OD 0.99 4 0.10°
; MAN_LC1 <LOD 0.84 + 0.20
Lactic <lOD  <1OD 2.3’;‘& <lOD  <lOD  <LOD Rutin puiy i 20D
. e MAN_ <LOD <LOD
Formic 2:01 Oi.OZ ggij <LOD <LOD <LOD ) MAN LC1 <LOD . <LOD .
001®  0.00% Procyanidin A2 ;l;LN o.fg ];t 0.01 g.gg ig.g;
= < ! L
Acetc sop 01 980 Ol 0'8?:: MAN LC1 0.58 + 0.25™ 0.06 + 0.02"
£ = 02 R Quercetin 3 Glucoside CTL. 0.02 + 0.01 <LOD
0.10 0.10
Propionic  0.17 0.19 0.23 + 0.41 028+ 039+ Man. =L o0
b b o10% i GopP"  QipioR MAN LC1 <LOD <LOD
0.03%  0.00% 0.045
Butyric <LOD  <LOD  <LOD 0.38 033+ 038% Phenolic Acids
+ 0108 0.08% Syringic Acid CTL 0.01 + 0.00 <LOD
0.05™ MAN_ <1OD <1OD
pH 8.52 8.26 7.65 733+  7.27+ MAN_LC1 <LOD <LOD
= + + 0.04¢ 0.04% Gallic Acid CTL <LOD <LOD
0.02* 0.09" 0.02° MAN <LOD 0.24 +£0.10*
MAN LC1 <LOD 0.11 + 0.08"

CTL : no addition of mangaba pulp, only microbiota in fermentation medium;
MAN_: non-fermented and digested mangaba pulp; MAN_LC1: mangaba pulp
fermented by LC1 and digested. Values are expressed as mean + standard de-
viation (g/L). < LOD: lower detection level. A-D: different capital letters
substituted in the same column denote differences (p < 0.05) between different
sugars and organic acids for the same treatment, according to Tukey’s test or -
test; a-d: different lowercase letters substituted in the same line denote differ-
ences (p < 0.05) between the same sugar, organic acid and pH for different
treatments, according to Tukey test or t test.

(p > 0.05). The results suggest that probiotic fermentation impacted
microbial diversity by reducing the number of species, diversity, and
species richness (Kim et al., 2017). It has been postulated that probiotic
fermentation may contribute to the survival of these adapted microor-
ganisms in the intestine and the reduction of other species, including
pathogenic microorganisms, which may result in reduced microbial di-
versity (Oliveira et al., 2024).

Regarding the taxonomic affiliations from ASVs, Fig. 2 highlights the
main phyla found for all the groups. Firmicutes were observed in domi-
nance (from 73.45 % to 98.39 %). Studies show that 60-80 % of the total
fecal microbiome belongs to the Bacteroidetes and Firmicutes phyla,
indicating that these phyla dominate the intestinal microbiota in healthy
individuals (Retnakumar, et al., 2022). Therefore, the microbiota of the
vegan-healthy individuals also shows characteristics observed for non-
vegan-healthy individuals.

Similar relative abundance of the phyla Proteobacteria, Bacteroidota,

12

CTL: no addition of mangaba pulp, only microbiota in fermentation medium;
MAN: non-fermented and digested mangaba pulp; MAN_LC1: mangaba pulp
fermented by 1.C1 and digested. Values are expressed as mean + standard de-
viation (mg/100 g). < LOD: lower detection level. A-B: different capital letters
superscript in the same column for the same compound denote difference (p <
0.05) between different treatments for the same time, according to the Tukey
test or ¢ test; a-b: different lowercase letters superscript in the same line for the
same compound denote difference (p < 0.05) between different times for the
same treatment, according to the Tukey test or f test.

and Euryarchaeota were observed for all groups (p > 0.05). Adding
mangaba pulp without or with LC1 to the feces of healthy vegan adults
increased the abundance of Firmicutes, and decreased the abundance of
Actinobacteriota and Synergistota (p < 0.05), contrary to what was
observed for CTL. Only the fermented mangaba pulp could decrease the
abundance of Desulfobacterota (p < 0.05). Consuming food products
with high dietary fiber and bioactive compounds, including phenolics,
may reduce the Bacteriodetes and increase the Firmicutes phylum
(Medeiros et al., 2021). These results demonstrate that the mangaba
pulp and, mainly, fermented mangaba pulp changed the relative abun-
dance of the microbiota phyla during fermentation, contributing to the
maintenance of the original phyla and their abundance in the feces.
Clostridia was observed at the class level (Table S5), especially in the
CTL_Oh group (98.36 %). In fact, the most abundant class in the phylum
Firmicutes is the Clostridia (20.3 %) (Retnakumar, et al., 2022). Similar

170



B.B.T. de Assis et al.

Table 9
Alpha diversity indices obtained from 16S rRNA gene amplicon sequencing in
colonic fermentation experiments.

CTL 0h CTL 48h MAN 48h MAN LC1 48h

Observed 771.50 + 647.00 = 600.50 + 539.50 +
58.50" 61.00" 34.50% 32.50°

Chaol 806.65 + 686.05 = 655.25 + 588.45 + 6.55°
73.35" 50.05" 26.85"

se.chaol 11.40 = 11.30 +1.90"  14.40 = 1.30"  13.25 = 5.45°
3.90"

ACE 795.90 + 682.65 = 653.70 + 584.25 +
63.30° 47.25" 28.00% 12.45°

se.ACE 13.50 = 7.56 £ 522 1030 = 140"  9.30 + 1.20°"
0.80*

Shanmon 6.26 + 0.07" 610 +0.20" 607 + 0.05" 594 + 0.14"

Simpson 0.997 + 0.996 + 0.00"  0.997 = 0.00"  0.996 + 0.00°
0.00"

InvSimpson ~ 403.30 £ 327.90 = 326,55 £ 287.10 +
30.50° 102.80° 24554 47.90*

CTL_Oh: no addition of mangaba pulp, only the microbiota in the fermentation
medium, at time 0 h; CTL_48h: no addition of mangaba pulp, only the microbiota
in the fermentation medium, after 48 h of fermentation; MAN 48h: addition of
unfermented and digested mangaba pulp, after 48 h of fermentation;
MAN_LC1_48h: addition of mangaba pulp fermented by L. casei and digested
after 48 h of fermentation; Values are expressed as mean + standard deviation
(mg/100 g); a-c: different lowercase letters substituted in the same line denote
differences (p < 0.05) between the same alpha diversity for different treatments,
according to Tukey’s test or t-test.

relative abundance of Clostridia, Bacilli, Gammaproteobacteria, Bacter-
oidia, and Methanobacteria was observed for all groups (p > 0.05).

Adding mangaba pulp without or with LC1 to the feces of healthy
vegan adults increased the abundance of Actinobacteria (p < 0.05).
Furthermore, it restored the microbiota balance by decreasing the
abundance of Coriobacteriia and Synergistota (p < 0.05), contrary to what
was observed for CTL. Only the fermented mangaba pulp could decrease
the abundance of Desulfobacterota (p < 0.05). Actinobacteria has been
reported as an essential player in developing and maintaining intestinal
homeostasis (Binda et al., 2018).

At the order level (Table S6), a similar relative abundance of Oscil-
lospirales, Enterobacteriaceae, Bacteroidales, Erysipelotrichales, Meth-
anobacteriales, and Monoglobales was observed for all groups (p > 0.05).
At the same time, increases in Peptostreptococcales-Tissierellales were
observed in all groups (p < 0.05). The addition of mangaba pulp without
or with LC1 to the feces of healthy vegan adults restored the balance of
the microbiota by decreasing the abundance of Coriobacteriales,
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Desulfovibrionales, and Acid. occales (p < 0.05), con-
trary to what was observed for CTL. The Coriobacteriales are paradigm
pathobionts involved in bile acid metabolism, gut barrier, and metabolic
dysfunctions, negatively impacting cholesterol homeostasis through
increasing cholesterol absorption (Zhao et al., 2017). At the same time,
mangaba pulps increased the abundance of Bifidobacteriales (0.16 and
0.22 %, respectively) and Lachnospirales (77.32 and 76.10 %, respec-
tively) compared to the CTL_48h group (p < 0.05).

At the family level (Table S7), a higher abundance of Lachnospiraceae
was observed in CTL_Oh (87.20 %, p < 0.05). The Lachnospiraceae family
keeps the prevalence in the groups added with mangaba pulp without or
with LC1 (MAN_48h and MAN_LC1_48h) (77.32 and 76.10 %, respec-
tively). Lachnospiraceae produces short-chain fatty acids (SCFAs) from
dietary fiber that have anti-inflammatory and modulating effects on the
intestinal mucosa, maintaining intestinal health (Hill-Burns et al.,
2017).

Similar relative abundance of Ruminococcaceae, Enterobacteriaceae,
Bacteroidaceae, Erysipelatoclostridiaceae, and Methanobacteriaceae were
observed for all groups (p > 0.05). Furthermore, all groups showed an
increase in the abundance of Peptostreptococcaceae and Anaerovor-
acaceae and a decrease in the abundance of Oscillospiraceae and Mono-
globaceae during fermentation (p < 0.05).

The addition of mangaba pulp without or with LC1 to the feces of
healthy vegan adults increased the abundance of Lachnospiraceae (77.32
% and 76.10 %, respectively) and Bifidobacteriaceae (0.16 and 0.22 %,
respectively) and decreased the abundance of Eggerthellaceae and Syn-
ergistota (p < 0.05), contrary to what was observed for CTL. Only the
fermented mangaba pulp could decrease the abundance of Desulfovi-
brionia (p < 0.05). Bifidobacteriaceae are responsible for a variety of
beneficial health effects, including inhibiting harmful bacterial growth,
regulating the gastrointestinal and immune system, regulating intestinal
microbial homeostasis, improving the integrity of the intestinal mucosal
barrier, and decreasing levels of intestinal lipopolysaccharides (Bonve-
gna & Cilia, 2023).

At the genus level (Fig. 3), after colonic fermentation, no changes in
the abundance of the [Eubacterium] hallii group, Subdoligranulum, and
Anaerostipes for all groups compared to the CTL_Oh group was observed
(p > 0.05). Furthermore, a similar decrease of Blautia, [Bacteroides]
pectinophilus group, Lachnospiraceae NK4A136 group, Fusicatenibacter,
and Agathobacter was observed for all groups compared to the CTL_Oh
group (p < 0.05). Finally, similar increases in Cloacibacillus, Romboutsia,
and Family XIIT AD3011 group were observed (p < 0.05). These results
suggest that these changes occurred irrespective of the utilization of
mangaba pulp.
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Fig. 2. Relative abundance of bacterial phyla in colonic fermentation experiments with mangaba pulp fermented by LC1.
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Fig. 3. Relative abundance of bacterial genera in colonic fermentation experiments with mangaba pulp fermented by LC1.

The addition of mangaba pulp without or with LC1 to the feces of
healthy vegan adults increased the abundance of Coprococcus (7.28 and
6.80 %, respectively), Marvinbryantia (1.00 and 1.13 %, respectively),
Ruminococcus (1.10 and 1.09 %, respectively), and [Eubacterium] eligens
group (1.02 and 0.97 % respectively) compared to the CTL_48h group (p
< 0.05) (Fig. 4). Coprococcus may produce propionate, known for its
impacts on intestinal and general health, to reduce serum cholesterol
levels, lipogenesis, and the risk of carcinogenesis. Furthermore, propi-
onate can promote the secretion of important gut hormones like PYY and
GLP-1 in human colonic cells (Pingitore et al., 2017; Psichas et al.,
2015).

Marvinbryantia has been recently proposed as a probiotic culture and
is related to significant levels of isobutyric, isovaleric, and butyric acids
and reduction of inflammatory cytokines (Guo et al., 2022). Rumino-
coccus are mucosa-related bacteria; they can improve intestinal barrier
integrity and may use polyphenols to improve microbial abundance (Lee

et al.,, 2018; Cheng et al., 2020). Finally, the [Eubacterium] eligens group
are lactate-utilizing butyrate producers and can release anti-
inflammatory cytokines (Hu et al., 2022). At the same time, adding
mangaba pulp to the feces of healthy vegan adults reduced the abun-
dance of Eggerthella and Incertae Sedis compared to the CTL_48h group
(p < 0.05). These results demonstrate that mangaba pulp had an
important role in microbiota modulation.

When fermented fruit pulp was added to the donors’ feces, it
increased the abundance of Dorea (26.92 %), Romboutsia (1.47 %),
Faecalibacterium (1.90 %), Lachnospira (0.77 %), and Lachnospiraceae
ND3007 (0.10 %) compared to the CTL_48h group (p < 0.05). Dorea is
related to the digestion of carbohydrates and positively affects the host.
Romboutsia is highly adapted to environments rich in nutrients and has
been considered a marker of intestinal stability and negatively corre-
lated with body weight (Wang et al., 2022). It has been reported that the
source of 70 % of the energy used by intestinal epithelial cells (IEC) is
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LNK: Lachnospiraceae NK4A136 group
F: Fusicatenibacter

Ehg: Eubacterium] hollii group
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Fig. 4. Circos plot displaying the relative abundance of the main groups inferred by 16S rRNA gene sequencing in each treatment after colonic fermentation

experiments.
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butyric acid produced by commensal bacteria, especially Lachnospira
and Faecalibacterium (Markowiak-Kopec & Slizewska, 2020). Faecali-
bacterium prausnitzii is the only known species among Faecalibacterium
genera that consists of one of the most abundant and important
commensal bacteria in healthy humans. This bacterium produces
beneficial short-chain fatty acids through fermentation of dietary fiber
and it is currently considered a promising next-generation probiotic to
fight gastrointestinal disorders (Markowiak-Kope¢ & Slizewska, 2020).
Finally, Lachnospiraceae has a butyrogenic effect, utilizing the acetyl-
CoA pathway to convert acetate to butyrate (Bester et al., 2023).

At the same time, the fermented fruit pulp resulted in a lower
abundance of Adlercreutzia and Lachnoclostridium compared to the
CTL_48h group (p < 0.05). Lachnoclostridium is a potentially pathogenic
bacteria, and consuming polyphenols may reduce its abundance (Pan
et al., 2023). Furthermore, Adlercreutzia abundance was associated with
inflammation and overweight (Nitert et al, 2020). These results
demonstrate that fermented mangaba pulp can beneficially modulate
human microbiota composition.

A growing body of evidence has shown that the gut microbiota
significantly impacts our health, protecting against pathogen over-
growth, providing a source of energetic biogenesis, biosynthesizing vi-
tamins, and modulating lipid metabolism (Lynch & Pedersen, 2016).
Intestinal microbiotas are gradually considered modulators of the
interaction between diet and human health (Makki et al., 2018). Thus,
dietary intervention is expected to improve health and prevent disease
by modulating the gut microbiota (Han & Xiao, 2020, Chenetal., 2018).

4. Conclusions

This study was the first to evaluate mangaba probiotic fermented
pulp during refrigerated storage and its effects on the microbiota of
healthy vegan adults during in vitro colonic fermentation. Mangaba pulp
was a suitable substrate for the growth of LC1, resulting in adequate
viability, higher concentration and bioaccessibility of phenolics,
adequate volatile composition, and improved sensory aspects. The
products kept functional, technological, and sensory properties during
refrigerated storage for 28 days at 7 °C. Its colonic fermentation
contributed positively to the microbiota modulation, with increased
abundances of Dorea, Romboutsia, Faecalibacterium, Lachnospira, and
Lachnospiraceae ND3007 genera. Findings open new possibilities for
valorizing an underexploited fruit with health effects.
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ARTICLE INFO ABSTRACT

Keywords: Bacaba (Oenocarpus bacaba Mart.) is an underexplored Amazonian fruit rich in polyphenols that can serve as a
Fermented pulp substrate for probiotic survival and may positively impact on the composition and metabolism of the intestinal
Microbiota microbiota. This study aimed to evaluate the bacaba pulp fermented with probiotics Lactobacillus acidophilus 05
Braziliarl palin (LA-05) and Lacticaseibacillus casei 01 (LC1) regarding the chemical composition and probiotics survivability
Oenocarpus bacaba Mart. $ ¥ 2 5 3 = %
Bioaccessibility during fermentation (48 h), and the effect on the modulation of the intestinal microbiota of healthy adults
Probiotic viability through 16S rRNA sequencing. The probiotic-fermented bacaba pulps showed decreased pH and total soluble
solids values and sugar content (maltose, glucose, fructose, and rhamnose), and increased titratable acidity
values, organic acid content (lactic and tartaric acids), and phenolic compounds concentration compared to the
control pulp. Furthermore, it presented adequate probiotic viability after fermentation and simulated gastroin-
testinal conditions. The bacaba pulp fermented with LC1 showed a higher concentration of butyric acid and
phenolic compounds concentration (trans-resveratrol, cis resveratrol, catechin, procyanidin By, and pelargonidin
3-glucoside) and bioaccessibility compared to the control pulp. The bacaba pulp fermented with LA-5 showed a
higher concentration of pelargonidin 3-glucoside and procyanidin B, compared to the control pulp and the
highest bioaccessibility of some phenolic compounds (trans-resveratrol, cis-resveratrol, catechin, epicatechin,
procyanidin By, procyanidin By, myricetin, and isorhamnetin). In vitro fecal fermentation reduced the pIl and
increased the abundance of Desulfovibrionales, Lactobacillales, and Peptostreptococcales-Tissierellales for all treat-
ments. Bacaba pulp with LC1 resulted in the lowest pH values, and increased production of organic acids and
concentration of phenolic compounds. Furthermore, both probiotic pulps increased the abundance of Lactoba-
cillales and Acidaminococcales and decreased the abundance of Clostridiales. These findings provide new infor-
mation about the potential of using bacaba in a functional pulp that may benefit human health through colonic
microbiota changes.

1. Introduction high bioactive concentrations (Assis et al., 2024). Despite the potential
of many lesser-known native fruits, their perishability limits wider dis-

Native Brazilian fruits are gaining popularity in domestic and in- tribution (Almeida et al., 2021). Notably, fruits from the Amazonia, like
ternational markets due to their unique flavors and health benefits from bacaba (Oenocarpus bacaba Mart.), are rich in bioactive compounds that
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may help prevent chronic diseases and aging, especially their high
content of lipids, fibers, antioxidants, and omega-3 and -6 fatty acids,
contributing to cardiovascular health and inflammation control
(Oliveira et al., 2019; Santos, Biasoto, et al., 2021).

Bacaba fruits are often consumed in beverages considered healthy.
Due to the rich composition, native Brazilian fruit such as bacaba can be
incorporated with probiotics to enhance their techno-functional prop-
erties (Gomes et al., 2021; Santos et al., 2022).

Previous studies have evaluated the fermentation of Brazilian native
fruit pulps with probiotic cultures, such as seriguela and mangaba with
Lacticaseibacillus casei 01 (Assis et al., 2021, 2024), peach pulp with
Lactiplantibacillus plantarum 21,802, Lactobacillus brevis 6239, Lacti-
plantibacillus pentosus 21,798 and 21,832, and Companilactobacillus ali-
mentarius 21,852 (Yang et al., 2022), and guava pulp with Lactococcus
lactis subsp. lactis and L. casei LA-01 (KKaur & Ghosh, 2023).

The use of the probiotics Lactobacillus acidophilus LA-05 and L. casei
LC1 has demonstrated important results, as during fermentation of fruit
pulps (Spondias purpurea L. (seriguela), Hancornia speciosa (mangaba),
Mangifera indica L. var. ‘Rosa’ (pink mango), Malpighia emarginata D.C.
(acerola), and Hylocereus undatus (red pitaya)) probiotics could bio-
transform phenolic compounds and release conjugated phenolics,
improving bioaccessibility and antioxidant activity with increased pro-
duction of metabolites (organic acids) (Assis et al., 2021; Morais et al.,
2019). Some bioaccessible phenolic compounds have been associated
with the modulation of the intestinal microbiota (Macedo et al., 2023)
and a positive effect of fruit pulps fermented with L. casei LC1 was
observed in the microbiota of vegan adults (Assis et al., 2024). There-
fore, we hypothesized that bacaba pulp fermented with L. acidophilus 05
(LA-05) or L. casei 01 (LC1) could have improved chemical composition
and phenolics bioaccessibility impacting microbiota composition.

The role of the gut microbiota on human health and disease has
attracted widespread attention (Ling et al., 2022; Sarkar et al., 2021).
Increasing evidence shows that alterations in the gut microbiota not only
cause various gastrointestinal diseases (Pan et al., 2023) but are also
associated with other chronic diseases such as metabolic syndrome,
Parkinson’s disease, and certain types of cancer (Castelli et al., 2021; Li
& Chen, 2022; Lim et al., 2017). A growing number of studies indicate
that probiotics can influence metabolic pathways, reduce inflammation,
and improve intestinal barrier function, potentially leading to weight
reduction and improved metabolic health (DiMattia et al., 2024; Guedes
etal.,, 2023; Saadati et al., 2024). Few studies have evaluated fermented
fruit pulps to determine the effects of probiotic fruit pulps on intestinal
microbiota using in vitro colonic models. There are reports of the effects
of fruit pulps fermented with probiotics on the microbiota of healthy
vegan adults (Assis et al., 2024), middle-aged hypertensive adults
(Macedo et al., 2023), and healthy omnivores (Guergoletto et al., 2017;
Tang et al., 2023). However, to the authors’ knowledge, no prior studies
covered the impact of fruit-derived probiotic products on the microbiota
of healthy individuals. Furthermore, no studies were reported with
bacaba pulp or comparing different probiotic strains.

Therefore, the objectives of this study were i) to evaluate the
chemical composition and phenolics bioaccessibility in bacaba pulp
fermented with Lactobacillus acidophilus 05 (LA-05) and Lacticaseibacillus
casei 01 (LC1); ii) to determine the probiotic viability in fermented
bacaba pulp during in vitro digestion; and iii) to determine the effect of
bacaba pulps on the composition of the intestinal microbiota of healthy
adults through 16S rRNA gene metabarcoding.

2. Material and methods
2.1. Probiotic strains and growth conditions

The probiotic strains were obtained from Christian Hansen, Ind.
With. Ltd. (Valinhos, Sao Paulo, Brazil). The stock cultures were pre-

served using cryogenic vials at —20 °C in Man, Rogosa, and Sharpe
(MRS) broth (HiMedia, Mumbai, India) containing glycerol (20 mL/100
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mL, Sigma Aldrich, St. Louis, USA). Strain activation was performed
using 100 pL of each strain individually grown in 9 mL of MRS broth for
24 h at 37 °C under anaerobic conditions in an anaerobic flask (Anaer-
obic System Anaerogen, Oxoid Ltd., Wade Road, UK) with O, < 1 %.
Then, 30 pL aliquots of each culture were added to MRS agar, and the
plates were incubated at 37 °C for 48 h under the same conditions.
Subsequently, 3 loops were removed and grown in 9 mL of MRS broth
for 24 h at 37 °C under the same conditions. The inoculum of each strain
was obtained by centrifugation (3500 rpm/15 min, 4 °C), two washes
with sterile saline solution (0.85 g/100 mL, Ciavicco, Minas Gerais,
Brazil) and resuspension in the same solution to obtain suspensions with
standard cells [ODgg0 of 1.0 (LA-05) and 0.1 (LC1), 9 log CFU/mL] (Assis
et al.,, 2021).

2.2. Bacaba fruit and probiotic fermented pulp

Bacaba (Oenocarpus bacaba Mart.) fruits were collected at Latitude:
—3.10719 and Longitude: —60.0261 3° 6' 26" Sul, 60° 1 34" in Manaus,
Amazonas State. Fruits were selected, sanitized (NaClO 150 ppm; 30
min), immersed in water at 60 °C for 15 min, and subjected to me-
chanical pulping (traditional way of obtaining the pulp). Mechanical
pulping was performed in a previously sanitized fruit pulper (stainless
steel vertical machine, METVISA® DG.10, Belém, Brazil) in a 2:1 ratio
(fruit:water, w/v) and the seeds were discarded resulting in a creamy
final product (Cunha et al., 2018).

Bacaba pulp (35 mL) was added with LA-05 or LC1 (final counts
approximately 8 log CFU/mL) and incubated at 37 °C for 48 h in
anaerobic jars using Anaerogen patches, (Oxoid Ltd., United Kingdom).
For all the experiments, three formulations were tested: (1) control (no
probiotics added), (2) bacaba pulp fermented with probiotic LA-05, and
(3) bacaba pulp fermented with probiotic LC1.

The viability of LA-05 and LC1 was verified in bacaba pulps just after
inoculation and after 24 and 48 h of fermentation following the pro-
posed by Assis et al. (2024). To determine viable cells for each formu-
lation, 100 pL were serially diluted in a sterile saline solution
(10_1—10_6). Then, 20 pL of each dilution was redistributed onto the
surface of the MRS agar, and the plates were incubated for 48 h at 37 °C
under anaerobic conditions. Cells were enumerated using the micro-
droplet inoculation technique (Luca & Oroian, 2021). Results for
viability were expressed as log CFU/mL.

The physicochemical characteristics of the bacaba pulps (pH, titrat-
able acidity [TA in succinic acid %], and total soluble solids [TSS in “Brix
at 25 + 1 °C] followed standard procedures (AOAC, 2016). The analyses
were performed before and after pulp fermentation, and pH was also
evaluated during in vitro colonic fermentation.

2.3. Determination of sugars and organic acids in bacaba pulps

Pulps were centrifuged (3500 xg/15 min) and passed through a 0.45
pm Millex-HA membrane (Millipore Co., Bedford, MA). The filtrates
were analyzed by High-Performance Liquid Chromatography (HPLC)
using the 1260 Infinity chromatograph (Agilent Technologies, USA)
coupled to a diode array detector (DAD) and a refractive index detector
(RID). The column used was the Agilent Hi-Plex H (7.7 x 300 mm, 8
pm). The analytical conditions were HySO,4 (4 M) in ultrapure water as
mobile phase, flow rate of 0.7 mL/min, RID temperature of 50 °C, col-
umn compartment temperature of 70 °C, and 10 pL injection volume.
The detection was performed at 210 nm in the DAD for the organic acid
profile and in RID for the sugar profile (Coelho et al., 2018). Citric,
tartaric, malic, succinic, lactic, formic, acetic, propionic, and butyric
acids, and maltose, glucose, fructose, and rhamnose (Sigma Aldrich, St.
Louis, USA) were evaluated.

Calibration curves of external standards were used in the quantifi-
cation according to the method validated by Coelho et al. (2018) and the
calibration curves had R? > 0.998. Peak identification was performed by
comparing the retention times with those of external standards (Sigma
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Aldrich, St. Louis, USA). The spectral purity of the peaks was verified
using the Threshold tool.

2.4. Determination of phenolic compounds in bacaba pulps and fecal
fermentation

To determine the phenolics in bacaba pulp formulations, the extracts
were prepared as described for sugars/acids extracts (Section 2.3).

Phenolics were quantified using filtrates as described by Lima et al.
(2024). The Zorbax Eclipse Plus RP-C18 column (100 x 4.6 mm, 3.5 pm)
and the Zorbax C18 pre-column (12.6 x 4.6 mm, 5 pm) were used for
separation at the temperature of 35 °C using acidified water (phase A)
and acidified methanol (phase B) at 0.8 mL/min. Data acquisitions were
processed using OpenLAB CDS ChemStation EditionTM software (Agi-
lent Technologies).

Standards of malvidin 3-glucoside, cyanidin 3-glucoside, delphinidin
3-glucoside, pelargonidin 3-glucoside, peonidin 3-glucoside, (+)-cate-
chin, (—)-epicatechin, (—) epigallocatechin-gallate, (—)-epicatechin
gallate, procyanidin Ay, procyanidin B,, procyanidin B2, kaempferol 3-
glucoside, quercetin 3-glucoside, rutin, myricetin, and isorhamnetin
were from Extrasynthese (Genay, France). Caffeic acid, 3,4 dihydrox-
ybenzoic acid, vanillic acid, gallic acid, 4- hydroxybenzoic acid, vanillin,
O-vanillin, (—)-epigallocatechin, p-coumaric acid, chlorogenic acid,
caftaric acid, quercetin hydrate, syringic acid, ferulic acid, fumaric acid,
hesperidin, naringenin, hesperitin, naringin, cyanidin-3,5-diglucoside,
malvidin-3,5-diglucoside, and pelargonidin-3,5-diglucoside were from
Sigma-Aldrich. trans-Resveratrol and cis-resveratrol were obtained from
Cayman Chemical Company (Michigan, USA).

Calibration curves (R2 > 0.998) of external standards were used to
quantify phenolics. The peaks of the compounds were identified by
comparing their retention times with external standards (Sigma Aldrich,
St. Louis, USA). The spectral purity of the peak was checked using the
Threshold tool to ensure identification accuracy compared to the
external standard.

2.5. Determination of phenolics’ bioaccessibility and probiotic
survivability to in vitro digestion

The in vitro digestion following the methodology described by
Minekus et al. (2014) was used for analyses of probiotics enumeration
and phenolics bioacessibility. Three consecutive steps were followed. In
the oral phase, 5 g of control and probiotic fermented bacaba pulp
(separately) were incubated at 37 + 2 °C for 2 min with shaking (90
rpm) with a mixture of 3.5 mL of simulated salivary fluid (SSF), 0.5 mL
of 1500 U/mL a-amylase in SSF solution, 25 pL of 0.3 M CaCl;, and 975
pL of water. The gastric phase (SGF) was performed using the previous
mixture with the addition of 7.5 mL of simulated gastric fluid (SGF), 1.6
mL of 2000 U/mL porcine pepsin in SGF solution, 5 pL of 0.3 M CaCl,
and 0.695 pL of water, and the pH was adjusted to 3.0 with 1 M HCl
under incubation conditions at 37 + 2 °C with shaking (90 rpm) for 2 h.
In the last phase (intestinal phase), the resulting mixture from the gastric
phase was added with 11 mL of simulated intestinal fluid (SIF), 5.0 mL of
800 U/mL pancreatin solution in SIF solution, 2.5 mL of fresh bile (160
mM in fresh bile), 40 pL of 0.3 M CaCl; and 1.31 mL of water, and the pH
adjusted to 7.0 with 1 M NaOH under incubation conditions at 37 £ 2°C
with shaking (90 rpm) for 10 min (Minekus et al., 2014).

Probiotic enumeration and phenolics were determined following the
procedures described in sections 2.2 and 2.4. The bioaccessibility for
each phenolic compound was determined using Eq. 1.

Bioaccessibility (%) = (phenolic after digestion/ phenolic in the fruit
pulp) x 100 (Eq. 1)

2.6. Fecal fermentation assays with bacaba pulps: Fecal inoculum
experimental conditions

The participants had at least three months without using probiotics,
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prebiotics, or antibiotics, and the absence of chronic diseases related to
metabolism, diseases of the digestive system, or use of any regular
medication.

Two women and two men (healthy) aged between 25 and 45 were
recruited. The number of individuals was based on previous studies and
is commonly used for evaluation of probiotic and/or prebiotic foods
impact in the microbiota (Assis et al., 2024; Borgonovi, Salgaco, et al.,
2022; Mafaldo et al., 2024).

The participants were asked to collect a fresh stool sample and place
it in a plastic container inside an anaerobic jar for immediate trans-
portation to the laboratory. The donors signed the free and informed
consent form approved by the Ethical Committee of the Federal Uni-
versity of Paraiba (65,306,722.0.0000.5188 process).

The fecal inoculum was prepared according to the methodology of
Wang et al. (2020) using an equal proportion of each donor’s feces (1.25
g fecal sample from each donor: 5 g) diluted in modified saline solution
(1:10; NacCl 9.0 g/L, cysteine-HCI 0.5 g/L) to obtain a fecal suspension
(10 %) after centrifugation at 4 °C (500 g, 5 min). The composition of the
basal nutrient medium (pH 7) used for fecal fermentation was described
by Wang et al. (2020). The media was composed by 0.1 g/L NaCl, 0.04
g/L KH2PO4, 2 g/L NaHCO3, 0.01 g/L MgSO4, 0.04 g/L K2HPO4,
00.01 g/L CaCl2, 0.5 g/L L-cysteine, 2.0 mL/L Tween-80, 2.0 g/L yeast
extract, 2.0 g/L peptone, 1 0.0 mL/L resazurin solution (1 %, w/v), 10
pL/L vitamin K, 0.5 g/L bile salts and 0.02 g/L hemin. Before the ex-
periments, it was autoclaved at 121 °C for 20 min (Wang et al., 2020).

Before the experiments, samples of bacaba pulp were digested using
the same procedures described in section 2.5. To run the fecal fermen-
tation, the basal medium was inoculated with the fecal suspension (1:9;
v/v; sample CT) and added with non-fermented digested bacaba pulp
(sample BT), digested bacaba pulp fermented with LA-05 (sample LAT),
and digested bacaba pulp fermented with LC1 (sample LCT). The sys-
tems were also incubated at 37 °C for 48 h under anaerobic conditions in
a batch system. The fermentation time (48 h) was based on previous
studies (Assis et al., 2024; Mafaldo et al., 2024; Wang et al., 2020).

The sugar, organic acids, and phenolic compounds after fecal
fermentation were determined according to sections 2.3 and 2.4.

2.7. High-throughput sequencing of the 16S rRNA of intestinal microbiota
analysis

The DNA was extracted from control and probiotic bacaba pulp
samples using a MoBio Power Food DNA isolation kit, Mobio Labora-
tories Inc., USA, following the manufacturer’s procedures. The 16S
rRNA V3/V4 region was amplified wusing primers 341F
(CCTACGGGRSGCAGCAG) and 785R (CTACCAGGGTATCTAATCC) to
identify the bacterial communities by high-throughput sequencing in
the DNA samples. The 16S rRNA bacterial libraries were sequenced
using the MiSeq Reagent V2 kit with paired reads of 250 pb (2 x 250 pb)
in the MiSeq Sequencing System (Illumina Inc., USA). For multiplexing,
pooling, and library sequencing reactions (Illumina, USA), the KAPA
Library Quantification kit for Illumina was used on a MiSeq platform
(Canani et al., 2017).

FASTQC software was used for the initial quality control of the
bacterial communities’ sequences (16S rRNA V3/V4). After that, the
sequences were submitted to Cutadapt 3.7 software (Martin, 2011) to
filter and trim low-quality sequences, and remove primers. Subse-
quently, the DADA2 algorithm (version 1.26) was employed to der-
eplicate, remove chimeras, and cluster them into amplicon sequence
variants (ASVs) (Callahan et al., 2016). The bacterial taxonomic
assignment of the ASVs was confronted with sequences within the
bacterial database (16S rRNA SILVA 138) (Quast et al., 2012; Yilmaz
et al., 2014). Raw data (FASTQ) files have been deposited to the Na-
tional Center for Biotechnology Information (NCBI), Sequence Read
Archive under Bio-Project PRINA1044155 (Table S1).
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2.8. Statistical analysis

Bacaba analyses were performed in triplicate and expressed as mean
+ standard deviation. Physicochemical data, and sugar, organic acid,
and phenolic content were analyzed using Analysis of Variance
(ANOVA), followed by Turkey's test or Student’s t-test, Bonferroni e
Holm. The latter are multiple comparison tests that identify which of the
pairs under analysis are significantly different from each other. The
values considered statistically significant when p < 0.05 and using
Sigma Stat 3.5 software (Jandel Scientific Software, San Jose, Califor-
nia). Microbiota data were submitted to ANOVA, followed by Tukey's
test considering the significance of p < 0.05 and using XLSTAT 2014
software (Adinsoft®, Paris, France).

3. Results and discussion
3.1. Physicochemical parameters of bacaba pulp

The physicochemical parameters of the bacaba pulp fermented by
LC1 or LA-05 during 48 h of fermentation are shown in Table 1. After 48
h of fermentation, the probiotic-fermented bacaba pulps presented
lower pH (3.34 and 3.40) and TSS (5.73 and 3.97°Brix) values, and
higher TA values (1.93 and 1.20 % succinic acid) (p < 0.05) than the
control pulp. These results are attributed to the production of organic
acids from the consumption of sugars present in the fruit pulp by the
probiotic cultures, resulting in higher acidity and lower TSS values
(Fonseca et al., 2021). Similar results have already been reported in
previous studies (Assis et al., 2021; Assis et al., 2024), demonstrating
adequate fermentation process of the fruit pulp by both probiotic strains.

3.2. Survivability of probiotics during fermentation in bacaba pulp and
simulated gastrointestinal conditions

Figs. 1 and 2 show the survival of probiotics in the fruit pulp during
48 h of fermentation and in vitro digestion, respectively. At the begin-
ning of the fermentation process, LC1 and LA-05 showed similar viable
counts (7.58 and 7.56 log CFU/mL, p > 0.05, respectively). During
fermentation, there was an increase in probiotic counts in the fruit pulp

Table 1
Physicochemical parameters in bacaba pulp fermented by L. casei 01 and
L. acidophilus 05.

Parameters Time Control Lc1 LA-05
(h)

o 4.85 = 4.64 + 4.63 +
0.14% 0.01 4% 0.03 A°

4.86 = 3.43 + 3.63 +

H 24

P 0.025 001 0.03%
% 4.76 = 3.34 + 3.40 +

0.04% 0.01% 0.01%

P 6.13 = 6.05 £ 6.03 +

0.12% 0.06"" 0.06M"

T 5.93 + 6.00 + 423 +

Total soluble solids (“Brix) 24 0.06™ 0.10 0,065
a8 5.90 + 573 + 3.97 +

0.10% 0.12% 015

b 0.62 = 0.63 + 0.57 +

0.03% 0.06 0.06%

Titratable acidity (% i 0.67 = 1.67 + 1.03 £
suceinic acid) 0.06 0.06™ 0.06%"
W 0.68 = 1.93 + 1.20 +

0.03" 0.15" 0.10%"

Control: non-fermented pulp; LC1: Fermented pulp by L. casei 01; LA-05: Fer-
mented pulp by L. acidophilus 05. A-C: different capital letters superimposed on
the same column denote differences (p < 0.05) between the different times for
the same treatment, according to the Tukey test or t-test; a-c: different lowercase
letters substituted on the same line denote differences (p < 0.05) between the
same time for different treatments, according to Tukey’s test or t-test.
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(p < 0.05), and both probiotic cultures showed similar viabilities after
48 h (8.64 and 8.30 log CFU/mL, p > 0.05, respectively). Therefore, the
probiotic cultures could adapt to the environment imposed by the fruit
pulp as a substrate, maintaining probiotic viability, regardless of the
probiotic strain (Espirito-Santo et al., 2015). One of the leading com-
mercial strains used in fruit and vegetable fermentation is lactic acid
bacteria, such as L. casei and L. acidophilus (Saud et al., 2024; Tang et al.,
2022). Fermented bacaba pulp could be considered a probiotic product
since, according to Lillo-Pérez et al. (2021), the product’s lowest number
of probiotic cells to guarantee benefits to the intestinal microbiota is 6
log CFU/mL. Thus, bacaba pulp was a suitable raw material for
fermentation with LC1 or LA-5.

During in vitro digestion, decreases in probiotic counts were observed
for the probiotic-fermented bacaba pulps (p < 0.05, Fig. 2). These results
suggest some loss of probiotic viability occurred in the in vitro digestion,
which may be related to the high acidity and presence of bile salts (Assis
et al., 2021). However, probiotic counts were maintained above 7 log
CFU/mL (LC1: 7.55 and LA-05: 7.67 CFU/mL, respectively), suggesting
that the bacaba pulp composition protected the probiotic during in vitro
digestion, resulting in adequate probiotic survival. Generally, products
with a semi-solid structure, such as fruit pulps, present high probiotic
survival rates (Mantovani et al., 2020). High survival of Lactobacillus and
amended genera in fruit-derived products to in vitro digestion have
already been reported in previous studies (Dunkley & Hekmat, 2020).
However, survival may depend on the chemical composition of the fruit
pulp (Santos et al.; 2023) and no study has reported the utilization of
bacaba pulp so far.

3.3. Sugar profile and organic acid profile of bacaba pulp during
fermentation

Table 2 presents the sugar and organic acid content of bacaba pulp
fermented by LC1 or LA-05. The bacaba pulp was characterized by a
higher concentration of rhamnose (13.31 mg/mL), glucose (8.17 mg/
mL), and fructose (3.58 mg/mL) as sugars and succinic acid (73.71 g/L),
lactic acid (7.18 g/L), and malic acid (4.18 g/L) as organic acids.

After 48 h of fermentation, the probiotic-fermented bacaba pulps
showed higher consumption of maltose, glucose, fructose, and rhamnose
and increased production of organic acids (lactic and tartaric) than the
control pulp (p < 0.05). However, fermentation caused decreases in the
concentration of other organic acids, such as citric, malic, succinic,
formic, acetic, and propionic (p < 0.05). The consumption of sugars by
probiotic cultures, such as glucose, fructose, and rhamnose, results in the
production of organic acids (Li & Chen, 2022; Menezes et al., 2021).

Lactic acid is the primary end product of the metabolism of sugars by
most probiotic cultures, which are essentially homofermentative strains
(Zhao & Ganzle, 2018). Lactic acid may also be produced using malo-
lactic conversion through decarboxylation of malate and formation of
lactate and CO,, which may be associated with the decrease in malic
acid (Ricci et al., 2019). Finally, probiotic cultures may use citric acid
and other organic acids as a carbon source to produce lactic acid
(Fonseca et al., 2021; Li & Chen, 2022).

In complex media, which feature diverse fermentable sugars and
organic acids, the use of compounds by probiotic cultures depends on
the substrate and the probiotic strain (Nguyen et al., 2019). Our results
demonstrate that, in a general view, both probiotic cultures exhibited
similar metabolism during the fermentation of bacaba pulp. However,
LC1 formulation presented a higher concentration of lactic and butyric
acids and a higher consumption of malic acid (p < 0.05), suggesting
malolactic conversion in this product. Butyric acid is considered the
short-chain fatty acid with the strongest anti-inflammatory effect and is
the main energy source for the intestinal epithelial cells (Assis et al.,
2024). At the same time, LA-5 formulation showed a lower concentra-
tion of rhamnose and glucose, and propionic, butyric, citric, and succinic
acids (p < 0.05).

L. casei has been described as a probiotic species with improved
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Fig. 1. Probiotic viable cell counts of bacaba pulp fermented by L. casei 01 and L. acidophilus 05 during 48 h of fermentation.
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Fig. 2. Probiotic viable cell counts of L. casei 01 and L. acidophilus 05 in bacaba pulp. Different capital letters denote differences (p < 0.05) between the treatments for
the same phase, according to the t-test. Different lowercase letters denote differences (p < 0.05) for the same treatment for different phases according to Tukey’s test.

malolactic fermentation capacity than other probiotic cultures,
demonstrating a higher consumption of malic acid, resulting in products
with higher concentrations of lactic acid (Vargas-Luna et al., 2025).
Furthermore, the Lacticaseibacillus genus has an improved performance
for butyric acid production compared to common starter (Lactobacillus
and Strep ) and Lactiplantibacillus genus (Luca et al., 2024).
Finally, the probiotic cultures have different preferences for carbohy-
drate utilization, with L. acidophilus consuming more glucose and L. casei
more fructose (Lee et al., 2013), which corroborates the lower glucose
content in the product fermented with L. acidophilus and the lowest
content of fructose in the product fermented with L. casei.

3.4. Effect of probiotics on phenoli wpounds in bacaba pulp during
fermentation

Table 3 presents the results of phenolic compounds in bacaba pulp
during 48 h of fermentation. Three distinct groups of phenolics, namely
stilbenes, flavonoids, and phenolic acids, were identified in fruit pulp.
Procyanidin B, (6.85 mg/100 g), epicatechin (3.20 mg/100 g), catechin
(1.40 mg/100 g), and myricetin (0.85 mg/100 g) were the phenolics in

higher concentrations in the bacaba pulp (Table 3).

The concentration of catechin, epicatechin, procyanidin By, myr-
icetin, p-coumaric acid, and pelargonidin 3-glucoside was increased for
all formulations during 48 h of fermentation (p < 0.05). Fermentation
can lead to the release of bound phenolics and the biotransformation of
phenolic compounds by microorganisms (Melini & Melini, 2021; Yang
et al., 2023).

Probiotic fermentation changed the concentration of some phenolic
compounds after 48 h (p < 0.05). Bacaba pulp fermented by LA-05
resulted in higher concentrations of procyanidin By and pelargonidin
3-glucoside (p < 0.05). At the same time, bacaba pulp fermented by LC1
resulted in the highest concentrations of cis-resveratrol, trans-resvera-
trol, catechin, procyanidin B, isorhamnetin, and pelargonidin 3-gluco-
side at the end of fermentation (p < 0.05).

Probiotics can act by disintegrating the plant cell wall, synthesizing
different phenolic compounds, and modifying simple phenolics (Lizardo
et al., 2020; Oliveira et al., 2020). Probiotics may also utilize nutrients
from fruit during fermentation and release enzymes, which catalyze the
hydrolysis of complex phenolic compounds into smaller molecules that
increase phenolic content (Mantzourani et al., 2020; Multari et al., 2020;

180



B.B.T. de Assis et al.

Table 2
Content of sugars and organic acids of bacaba pulp fermented by L. casei 01 and
L. acidophilus 05 during 48 h of fermentation.

Organic acids (g/L) Treatments

Control Lc1 LA-05
Citric 3.54 + 0.02™ 1.36 + 0.00°” 1.11 = 0.02™
Malic 4.18 £ 0.01 <LOD 1.51 = 0.03®
Succinic 7371 + 0.05 36.59 + 0.02%° 31.48 + 0.00 A
Lactic 7.18 + 0.04% 19.37 + 0105 16.22 + 0.01%"
Formic 1.56 + 0.03" <LOD <LOD
Acetic 1.10 + 0.01%° 0.34 + 0.00%° 0.29 = 0.02
Propionic 2.63 £ 0.10% 0.73 + 0.02°° 0.42 = 0.01%
Butyric 0.59 + 0.02"™ 1.38 + 0.02* 0.33 = 0.03"
Tartaric <L.OD 0.19 + 0.007 0.17 + 0.025
Sugar (g/L)
Maltose 0.65 + 0.02° <LOD <1LOD
Glucose 817 + 0.12" 0.15 + 0.00 0.11 £ 0.01%
Fructose 3.58 £ 0.057 0.21 £ 0.02%° 0.29 = 0.02%°
Rhamnose 13.31 = 0.10* 1.66 + 0.03%° 1.49 = 0.00%¢

Control: non-fermented pulp; LC1: Fermented pulp by L. casei 01; LA-05: Fer-
mented pulp by L. acidophilus 05. A-H: different capital letters substituted in the
same column denote differences (p < 0.05) between the different organic acids
or sugars for the same treatment, according to the Tukey test or t-test; a-c:
different lowercase letters substituted in the same line denote differences (p <
0.05) between the same organic acid or sugar for different treatment, according
to Tukey’s test or t-test.

Table 3
Phenolic compounds in bacaba pulp fermented by L. casei 01 and L. acidophilus
05 during 48 h of fermentation.

Phenolics (mg/100 g) Treatments Time (h)
0 48
Stilbenes
Control <LOD <LOD
Trans-Resveratrol Lc1 0.10 =+ 0.02° 0.28 +0.02*
LA-05 <LOD <LOD
Control <LOD <LOD
Cis-Resveratrol Lc1 0.25 = 0.03" 0.41 £0.03*
LA-05 <LOD <LOD
Flavonoids
Control 1.40 + 001" 1.58 + 0.03™
Catechin 1C1 0.91 + 0.02% 1.85 + 0.02%°
LA-05 0.89 = 0.025° 1.65 £ 0.03%
Control 3.20 = 0052 3.57 £ 0.02%
Epicatechin LC1 1.33 £ 0.03%° 1.64 = 0.00<*
LA-05 1.62 = 0.02%° 1.80 £ 0.03%
Control 6.85 = 0.10™ 7.12 + 0.00%
Procyanidin B2 Lc1 7.02 + 0.03"" 11.97 = 0.01*
LA 05 6.88 + 0.02° 11.54 = 0.03%
Control <LOD 0.50 + 0.03¢
Pelargonidin 3-Glucoside LC1 <LOD 0.86 + 0.01
LA-05 <LOD 0.69 =+ 0.03"
Control 0.15 = 0,01 0.14 £ 0.02*
Quercetin 3-glucoside Lc1 0.20 = 0.02° <LOD
LA 05 0.35 = 0.00* <LOD
Control 0.85 = 0.01"" 1.04 = 0.10™
Myricetin LC1 0.56 = 0.02%° 1.14 + 0.05™
LA-05 0.65 = 0.02"° 1.15 + 0.00™
Control <LOD <LOD
Isorhamnetin Lc1 <LOD 0.02 £ 0.02
LA-05 <LOD <LOD
Phenolic Acids
Control <LOD 0.17 £ 0.01*
p-Coumaric Acid 1C1 <LOD 0.31 +0.00 *
LA-05 <1.OD 0.12 + 0.05"

Control: non-fermented pulp; LC1: Fermented pulp by L. casei 01; LA-05: Fer-
mented pulp by L. acidophilus 05. A-C: different capital letters superscript in the
same column for the same compound denote difference (p < 0.05) between
different treatments for the same phase, according to the Tukey test or t-test; a-b:
different lowercase letters superscript in the same line for the same compound
denote difference (p < 0.05) between different phases for the same treatment,
according to the Tukey test or t-test.
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Santos, Freitas, et al., 2021). In a narrower view, probiotic cultures have
the enzyme p-glucosidase, which can hydrolyze plant p-glucosides,
increasing the concentration of phenolic compounds (Braga et al., 2018;
Wang et al., 2024). Enzyme activity mainly depends on the carbon
source and strain specificity (Cheng et al., 2016). Catechin has stronger
antioxidant activity than other flavonoids due to the presence of the
catechol moiety (C 3' -OH and C 4' -OH) of the B aromatic ring and its
role in eliminating free radicals (Graton et al., 2024). Procyanidin By
shows a remarkable inhibitory effect on several types of cancer,
including digestive tract cancer, oral squamous cell carcinoma, and
breast and prostate cancer (Chen et al., 2023). Therefore, their higher
concentration in probiotic-fermented pulps is desired.

It is known that the metabolism of phenolic compounds is specific to
each Lactobacillus strain (Gaur et al., 2020; Ulbrich et al., 2015). Dif-
ferences in phenolic content with different probiotic strains may be
related to the diversity of hydrolase produced by the strains, leading to
the difference in hydrolytic capacity (Zhou et al., 2020). L. casei has
demonstrated a higher p-glucosidase production compared to other
probiotic strains (Jaijoi et al., 2025), which has been attributed to its
higher vitality and metabolic efficiency in acid conditions (such as fruit
pulps) and strain specificity for enzyme production (Cheng et al., 2016;
Wang et al., 2024). Furthermore, the increased lactic acid concentration
in bacaba pulp fermented by LC1 (Table 2) may have induced the
structural breakdown of the plant cell wall of the fruit pulp, resulting in
the release of bound phenolic constituents (Assis et al., 2024). The
greater metabolism of LC1 in the fruit pulp (Table 2) may also be
associated with the greater biotransformation capacity (Assis et al.,
2021), and the increased acidity of LC1 product may increase phenolic
compounds content, as phenolic compounds are more stable under acid
conditions (Pimentel et al., 2021). On the contrary, L. acidophilus
demonstrated lower p-glucosidase production and conversion of an-
thocyanins in mulberry than other strains (L. plantarum, S. thermophilus,
and B. lactis) (Cheng et al., 2016).

On the other hand, probiotic-fermented bacaba pulps showed a
decrease in the concentration of the quercetin 3-glucoside compound
after fermentation (p < 0.05). The reduction in some phenolics may be
associated with their use by probiotic cultures and the energy meta-
bolism of probiotics, which may also affect the decarboxylation and
reduction reactions of phenolics (Li & Chen, 2022). Probiotics may
produce glycosidase that acts on the C—O bond at site 3 to remove
glycosides. Therefore, probiotics may promote deglycosylation of 3-O-
glycosides from quercetin-3-O-glucoside to yield quercetin, which may
increase its content in the products or be used as a substrate for new
compounds (Ginzle, 2015; Wang et al., 2024). As far as the authors
know, this is the first study to evaluate the phenolic profile of bacaba
pulp.

3.5. Effect of probiotics on phenolic compounds in b,
digestion and bioaccessibility

ba pulp after

Table 4 presents the results of phenolic compounds after digestion
and bioaccessibility for bacaba pulp fermented by LC1 or LA-05. In vitro
digestion increased the concentration of catechin, epicatechin, epi-
gallocatechin gallate, procyanidin By, and myricetin for all formulations
(p < 0.05, Table 5). The increase of phenolic compounds in the intestinal
fraction may be due to the action of intestinal and digestive enzymes (e.
g, pancreatin) that facilitate the release of phenolics bound to the matrix
(Dutra et al., 2017; Medeiros et al., 2021). Catechin is a flavonoid with
two hydroxyl groups in the B rings, associated with high antioxidant
activity (Dutra et al., 2017). In a previous study, Mosele et al. (2015)
suggested that the high bioaccessibility of catechin in pomegranate fruit
resulted from the partial hydrolysis of proanthocyanidins when exposed
to intestinal pH values. Similarly, the increased bioaccessible amounts of
some phenolic acids may be related to the chemical rearrangements of
some compounds (Dutra et al., 2017).

Procyanidin B1 and isorhamnetin increased their concentrations in

181



B.B.T. de Assis et al.

Table 4
Bioaccessibility of phenolic compounds in bacaba pulp fermented by L. casei 01
and L. acidophilus 05 during 48 h of fermentation.

Phenolics (mg/100  Treatments  Digestion phase Bioaccebility
& Before Intestinal 4
digestion
Stilbenes
Control <LOD <LOD <LOD
0.25 + 0.19 +
Trans-Resveratrol LA-05 0.03% 0.02"" 76.00"
015+ 0.05 +
Lcl 0.02% 0.01%° 33.33"
Control <LOD <LOD <LOD
0.55 + 0.43 +
Cis-Resveratrol LA-05 0.01%" 0.02%° 78.18"
0.41 + 0.29 +
LC1 0.03% 0.02%> 70.73¥
Flavonoids
=
Control é:;gj i;ggj 126.58”
. 1.11 + 2.38 +
(Catechisi LA 05 0.02% 0.00™ 214.41"
1.05 + 1.38 +
Lc1 0.03% 0.02% 131.43¥
Control gg;\f gf)é,f 117.93”
Epicatechin 1.64 i 2134
LA 05 0.00% 0.015¢ 133.54"
1.80 + 225 +
LC1 0.03% 0.02% 125.00¥
Control <LOD g:gg f <LOD
Epigallocatechin 017 +
Gallate LA-05 <LOD 0.00 * <LOD
0.16 +
LC1 <LOD 0.02* <LOD
Control <LOD <LOD <LOD
2.95 + 3.98 +
Procyanidin B1 LA-05 0.04%" 0.03% 134.91%
2.50 + 3.20 +
1C1 0.02%° 0.02% 128.00"
Control g:égj ﬁ;gff 680.06”
g
Protyaniiiniz 1A 05 (1)10?:; 11)012:)"5“Z - 888.82"
11.97 + 100.83 +
LC1 0.03"" 0.04" 842.36"
Control ggg : <LOD <LOD
Quercetin 3- 011+
glucoside LA-05 0.01% <LOD <LOD
0.15 +
Lc1 0.02° <LOD <LOD
a5
Control ;23$ é;;ﬁ 129.81%
e 114+ 172 + )
LA-05 0.05%" 0.03%* 150.88"
115+ 1.55 +
Lc1 0.00%" 0.028 134.78Y
Control <LOD <LOD <LOD
0.45 + 0.90 +
Isorhanmetin LA-05 0.03%" 0.024 200.00%
0.22 + 0.40 +
1C1 0.02%° 0.01% 181.827
Phenolic Acids
Control 8(1; f\t <LOD <LOD
s g 011+
pCoumaticAdd 1A 05 0.00% <1OD <10D
012+
11 0.05% <1OD <1.0D

Control: non-fermented pulp; LC1: Fermented pulp by L. casei 01; LA-05: Fer-
mented pulp by L. acidophilus 05. A-C: different capital letters superseript in the
same column for the same compound denote difference (p < 0.05) between
different treatments for the same phase, according to the Tukey test or t-test; a-b:
different lowercase letters superscript in the same line for the same compound
denote difference (p < 0.05) between different phases for the same treatment,
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according to the Tukey test or t-test; X-Z: different superscript capital letters in
the same column for bioaccessibility values denote difference (p < 0.05) be-
tween different treatments for the same compound, based on Tukey’s test or t-
test.

the intestinal fraction only after probiotic fermentation (p < 0.05). The
increased concentration of lactic acid in probiotic-fermented bacaba
pulps (Table 2) may have induced the structural breakdown of the plant
cell wall of the fruit pulp, resulting in the release of phenolic constitu-
ents bound through enzymatic processes in the in vitro digestion (Braga
et al., 2018; Guergoletto et al., 2017).

On the other hand, after in vitro digestion, the compounds quercetin
3-glucoside, and p-coumaric acid showed a reduction in concentration
for all formulations (p < 0.05, Table 4). The decrease in the concen-
tration of phenolic compounds can be explained by the exposure of
phenolics to adverse conditions in the gastrointestinal tract, mainly due
to the effects of alkaline and acidic pH conditions on the stability of
these phenolic compounds.

Reductions in trans-resveratrol and cis-resveratrol concentrations
were observed when bacaba pulp was fermented by LA-05 or LC1 (p <
0.05, Table 4). This decrease in phenolic compounds after fermentation
was reported and associated with consuming these compounds through
probiotic cultures (Cheng et al., 2016; Oliveira et al., 2021).

The compounds trans-resveratrol, cis-resveratrol, catechin, epi-
catechin, procyanidin Bj, procyanidin By, myricetin, and isorhamnetin
showed greater bioaccessibility when bacaba pulp was fermented by LA-
05, followed by bacaba pulp fermented by LC1 (p < 0.05, Table 4).
Catechin is well recognized for its potent antioxidant activity, plays the
role of free radical scavenging and protects cells from oxidative damage
(Tsega et al., 2025). Furthermore, studies have confirmed that catechin
can exhibit many pharmacological effects (Teixeira & Sousa, 2021),
including antitumor, anti-inflammatory (Basirico et al., 2019; Dey et al.,
2019), antioxidant (Zhang et al., 2016), antimicrobial activity (I<im,
2017), cardio-cerebrovascular protection
(Morrison et al., 2014), and modulation of neuronal cell apoptosis (Park
et al., 2020). The increased bioaccessibility of procyanidin By (PCB2)
may indicate potent antioxidant effects, as it reduces the levels of
reactive oxygen species (ROS) in cultured cells, and also has positive
effects against ulcerative colitis, cancer, cardiovascular diseases, and
Alzheimer’s disease (Alsaab et al., 2025). Our results demonstrated that
both probiotics improved the bioaccessibility of phenolic compounds,
with slightly better results for L. acidophilus. Therefore, differences may
have occurred between probiotic products during gastrointestinal
digestion regarding chemical structure modification, increase or
decrease of solubility, or interaction with other compounds, influencing
the phenolics’ bioaccessibility (Cuvas-Limon et al., 2022).

In plant foods, phenolic compounds are entrapped in a complex
macromolecular matrix. They are commonly released during the
different stages of digestion in the gastrointestinal tract so that they can
be absorbed in the gut or the small intestine and confer their biological
effects. Therefore, higher bioaccessibilities of phenolic compounds are
desired to increase intestinal uptake, improve microbial metabolism in
the color, and promote antioxidant effects in vivo (Gonzalez-Aguilar
et al., 2017). Therefore, fermentation of phenolic compounds increases
the bioaccessibility, and the bioaccessible compounds may reach the gut
and be used by several members of the microbiota, potentially consti-
tuting a (poly)phenol prebiotic pathway leading to the production of
SCFA (Rodriguez-Daza et al., 2021). Furthermore, fermented products
with more bioaccessible phenolic compounds can provide beneficial
effects regardless of the host’s microbiota (Assis et al., 2021; Assis et al.,
2024). Our results demonstrate that the fermentation of bacaba pulp
with probiotics increased the bioaccessibility of the phenolic com-
pounds, which may be related to better health effects, including
microbiota modulation.

Covington, & Pamer,
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Table 5
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Content of sugars, organic acids and pIl in colonic fermentation experiments with bacaba pulp fermented by L. casei 01 and L. acidophilus 05.

Organic acids (g/L) Time (hours)

0h 48 h

CT BT LCT LAT cT BT LCT LAT
Citric <LOD <LOD <LOD <LOD <LOD <LOD 0.19 £ 0.05% <LOD
Succinic 0.10 = 0.00%* 0.04 + 0.02¢ <LOD 0.14 + 0.00°* 0.09 + 0.00°* 0.06 + 0.03% 0.05 + 0.00° 0.06 + 0.02%
Lactic <1LOD <LOD <LOD <1.OD <1.0D <1LOD 0.62 + 0.02° <1.OD
Formic 0.07 = 0.03% <LOD <1LOD 0.06 + 0.02"" <1.0D <LOD 0.59 + 0.05™ <1.OD
Acelic 0.16 = 0,03 0.17 + 0.00™ <1OD 0.46 + 0.10™ 0.90 + 0.08"" 0.99 + 0.01"" 1.25 + 0.10°* 0.95 + 0.05""
Propionic 2.67 = 0.12°° 0.94 + 0.00* 0.18 £ 0.01" 3.33 £ 0.02*" 0.46 + 0.04%¢ <LOD 7.22 + 0,03 <LOD
Butyric 0.11 = 0.00%° <LOD <LOD 0.29 + 0.02%° 0.34 4 0.03% 0.35 + 0.00%° 0.68 £ 0.04°* 0.31 +0.01%
Tartaric <LOD <LOD <LOD <LOD <LOD <LOD 0.03 £ 0.02" <LOD
Malic <LOD <LOD <LOD <LOD <LOD <LOD 0.78 + 0.10° <LOD
Sugar (g/L)
Maltose 0.28 = 0.03** <LOD <LOD <LOD 0.05 + 0.01™ 0.10 + 0.00™ 0.19 + 0.03% 0.10 + 0.00™
Glucose 0.36 = 0.02 <LOD <LOD <LOD 0.07 + 0.00™ 0.08 + 0.02"° 0.15 + 0.02%¢ 0.04 + 0.00™
Fructose 0.32 = 0,02 <LOD <LOD <LOD 0.05 + 0.00%® 0.08 + 0.00"" 0.20 + 0.00° 0.09 + 0.00%
Rhamnose <LOD <LOD <LOD <LOD <LOD <LOD 0.16 + 0.03" <LOD
pH 8.73 = 0.01° 8.46 + 0.01° 8.40 + 0.03" 8.43 + 0.00” 7.39 + 0.01° 7.22 + 0.03¢ 7.08 + 0.01° 7.17 + 0.08¢

CT: no addition of bacaba pulp, only microbiota in fermentation medium; BT: non-fermented and digested bacaba pulp; LCT: bacaba pulp fermented by LC1 and
digested; LAT: bacaba pulp fermented by LA-05 and digested. A-F: different capital letters substituted in the same column denote differences (p < 0.05) between
different sugars and organic acids for the same treatment, according to Tukey’s test or t-test; a-f: different lowercase letters substituted in the same row denote dif-
ferences (p < 0.05) between the same sugars, organic acids and pH for different treatments, according to Tukey’s test or t-test.

3.6. Content of sugars, organic acids, and pH in bacaba pulp during fecal
fermentation

The results of sugar and organic acid contents and pH values during
fecal fermentation are presented in Table 5. After 48 h of fermentation, a
decrease in pH was observed for all treatments, emphasizing the treat-
ment added with pulp fermented with LC1, which obtained the lowest
value (LCT48h: 7.08, p < 0.05). The decrease in the pH value is due to
the production of organic acids resulting from the consumption of sugars
present in the fruit pulp, mainly glucose and fructose, by probiotic
cultures and/or other microorganisms present in the fecal samples, such
as Enterococcus, Lactobacillus, and Bifidobacterium spp. (Assis et al., 2024;
Medeiros et al., 2021). Furthermore, low colonic pH has been used as a
marker of beneficial effects and may influence the production of intes-
tinal metabolites (such as propionic and butyric acids) that can bind to
GPR43 proteins that play a role in regulating the human body’s energy
homeostasis and intestinal immunity (Markowiak-Kopec & Slizewska,
2020; Zamora-Gasga et al., 2018).

The treatment added with pulp fermented with LC1 (LCT48h)
showed an increase in the production of acids (citric, lactic, formic,
acetic, propionic, and butyric acid) and in the concentration of sugars
(maltose, glucose, rhamnose, and fructose) when compared to all other
treatments (p < 0.05). The presence of sugars in cultivation media could
indicate a possible ability of the LC1 to degrade polysaccharides in
bacaba pulp to monosaccharides. These monosaccharides should be
converted into intermediate metabolites and, ultimately, to various
organic acids, some of which may benefit the host (Menezes et al.,
2021).

Lactic acid is the primary end product of the metabolism of Lacto-
bacillus species (homofermentative) (Zhao & Ganzle, 2018), in addition
to being one of the leading end products of the metabolism of Bifido-
bacterium species (heterofermentative) (Kaprasob et al., 2017). Acetic
acid is produced in the gut during the fermentation of carbohydrates
that escape degradation in the upper part of the intestinal tract by lactic
acid bacteria and Bifidobacterium (Patrignani et al., 2018). It can be used
as an energy source for the intestinal microbiota and peripheral tissues
and inhibit pathogens (Medeiros et al., 2021; Zhou et al., 2018).

The diverse composition of the gut microbiota is associated with
varied metabolic profiles. Gut microbiota-derived metabolites, espe-
cially SCFAs, are crucial for gastrointestinal health (Nabavi-Rad et al.,
2022). Butyric acid is one of the most studied short-chain fatty acids and
is known for its extra- and intraintestinal effects, mainly linked to its

anti-inflammatory and anticancer activities (Aiello et al., 2023).
Importantly, butyric acid plays a crucial role in maintaining colonic
tissue vitality and has been shown to alleviate the severity of ulcerative
colitis, which is a chronic idiopathic inflammatory condition of the
colon (Yan et al., 2024). Butyric acid is mainly produced by the
fermentation of aldehydes (e.g., glucose, galactose, mannose, and
xylose), and it is positively correlated with Ruminococcaceae, Faecalli-
bacterium, Roseburia, and Coprococcus (Diotallevi et al., 2021). It stands
out as the primary source of energy for intestinal epithelial cells, capable
of modulating gene expression with a beneficial immunoregulatory ef-
fect on intestinal epithelial cells and other mucosal cell populations
(Markowiak-Kope¢ & Slizewska, 2020). Bacteroidetes can produce this
acid, regulating the immunity of the intestinal mucosa and acting as a
functional marker of healthy anaerobic intestinal microbiota, synthe-
sized from acetic acid or through the condensation of two acetyl CoA
molecules (Medrano et al., 2020; Million et al., 2018). Furthermore,
L. casei can ferment carbohydrates and produce organic acids such as
lactic and acetic acid, which serve as substrates for other bacteria that
convert these acids into butyric acid (Medrano et al., 2020). Increased
butyrate production by probiotic fermentation may be related to the
reduction of some bacteria of the order Clostridiales, especially patho-
genic species such as Clostridium difficile (Aiello et al., 2023).

Propionic acid is primarily produced by the fermentation of ketones
(e.g., fructose, arabinose, and tagatose) (Rubio-Castillo et al., 2022),
could regulate homeostasis and the function of the intestinal barrier
(Markowiak-Kopec¢ & Slizewska, 2020), and is positively correlated with
Bacteroides (Diotallevi et al., 2021).

Finally, the detection of formic, citric, and malic acids could be
associated with the capability of the cultivated bacterial species/strains
to produce these organic acids from plant-derived carbohydrate
fermentation (Dessie et al., 2018), as reported in previous investigations
with fermentation of fruit or fruit processing by-products (Assis et al.,
2024; Kumar et al., 2003).

3.7. Profile of phenolic compounds in bacaba pulp during fecal
fermentation

The results of variations in the content of phenolic compounds in
bacaba pulp during 48 h of fecal fermentation are presented in Table 6.
Two distinct groups of phenolics, namely flavonoids and phenolic acids,
were identified in treatments CT, BT, LCT, and LAT before and after 48 h
of colonic fermentation. The compounds catechin, epigallocatechin
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Table 6
Phenolic compounds in colonic fermentation experiments with bacaba pulp
fermented by L. casei 01 and L. acidophilus 05.

Phenolics (mg/100 g) Treatments Time (h)
0 48
Flavonoids
CcT 0.72 = 0.02"" 0.90 -+ 0.00™
Rt BT 0.46 = 0.00%" 0.79 + 0.03%
LCT 0.65 = 0.02°° 1.00 + 0.10%°
LAT 0.65 = 0.014° 0.90 + 0.00%
T <LOD 1.30 + 0.05"
; F BT <LOD 0.30 £ 0.02°
Epigallocatechin Gallate LCT <LOD 1.554 0,024
LAT <LOD 0.51 + 0.00¢
cr 0.16 = 0.03*" 0.30 + 0.03"
Procyanidin B1 BT 0.11 = 0.02“:h 0.78 + o.osi“
LcT 0.15 = 0.02 0.95 + 0.00"*
LAT 0.18 = 0.03*" 0.72 + 0.01™
cT 13.87 = 0.01< 0.60 + 0.00°
Y oo BT <LOD
Procyanidin B2 LCT <LOD
LAT 18.61 + 0.03% <LOD
cr 0.28 + 0.02* <LOD
e e BT 0.18 = 0.02% <LOD
Malvidin 3 Glucoside LCT 0.20 = 0,03 A <LOD
LAT 0.29 = 0.02* <LOD
GT' 0.58 = 0.05‘: 1.42 + 0.00<
s < BT 0.21 = 0.12¢ 1.38 + 0.02¢%
Petunidin 3-Glucoside Ler 0.40 = 0.03% 3.14 4 0.01%
LAT 0.40 = 0.02"° 1.60 + 0.02™
Phenolic Acids
cT <LOD 0.07 + 0.02"
syringic Acid BT <LOD 0.15 + 0,03“A
LCT <LOD 0.30 + 0.02
LAT <LOD 0.09 + 0.03"

CT: no addition of bacaba pulp, only microbiota in fermentation medium; BT:
non-fermented and digested bacaba pulp; LCT: bacaba pulp fermented by LC1
and digested; LAT: bacaba pulp fermented by LA-05 and digested. A-D: different
capital letters superscript in the same column for the same compound denote
difference (p < 0.05) between different treatments for the same time, according
to the Tukey test or t-test; a-b: different lowercase letters superscript in the same
line for the same compound denote difference (p < 0.05) between different times
for the same treatment, according to the Tukey test or t-test.

gallate, procyanidin Bj, petunidin 3-glucoside, and syringic acid
increased the concentration after 48 h of fecal fermentation for all
treatments evaluated (p < 0.05). The increase in these compounds
brings benefits, as polyphenols protect epithelial cells and prevent
inflammation in the intestines, resulting in better intestinal barrier
function (Igbal et al., 2020). This result suggests a typical modification
derived from colonic fermentation. According to previous studies,
syringic acid is one of the main degradation products of malvidin-3-
glucoside (Vazquez-Vazquez et al., 2024).

The addition of bacaba pulp fermented by LA-5 (LAT) after 48 h of
fermentation resulted in higher concentrations of procyanidin By and
petunidin 3-glucoside, while the pulp with LC1 (LCT) after 48 h of
fermentation resulted in higher concentrations for the compounds
catechin, epigallocatechin gallate, procyanidin B1, petunidin 3-gluco-
side and syringic acid when compared to the control treatment at the
same time (p < 0.05). Probiotic microorganisms and colonic microbiota
can disintegrate the plant cell wall, synthesize or release different
phenolic compounds, convert simple phenolics, or depolymerize high
molecular weight phenolics (Oliveira et al., 2020). Furthermore, pro-
biotics can transform phenolic compounds through the action of
different glycosyl hydrolases, with the release of aglycone from phenolic
compounds conjugated with glycol (Pereira-Caro et al., 2015).

Procyanidin By and malvidin 3-glucoside decreased concentration
after 48 h of colonic fermentation for all treatments evaluated (p <
0.05). The intestinal microbiota’s use of phenolic compounds as sub-
strates can occur through enzymatic reactions (deglycosylation,
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sulfation, dihydroxylation, and hydrogenation) (Assis et al., 2024).
However, not all phenolic compounds found in treatments have been
used by the intestinal microbiota and remained stable during colonic
fermentation. Furthermore, studies indicate that a long fermentation
period negatively influences some bioactive substances’ concentration
(Li et al., 2024). Overall, flavonoids can regulate and balance the
disordered gut microbiota. However, little is known about the impacts of
most flavonoids on gut microbiota (Pan et al., 2023). Our findings attest
that phenolic compounds during colonic fermentation may vary
depending on the substrate used (control, bacaba pulp, or fermented
bacaba pulp).

3.8. Effect of bacaba pulp on the modulation of intestinal microbiota

The effect of fermented bacaba pulp by LA-05 and LC1 on the in-
testinal microbiota of healthy adults was evaluated using 16S rRNA
high-throughput sequencing analysis. The richness and « diversity of the
intestinal microbiota, assessed by the observed indices, Chaol, se.
Chaol, ACE, se.ACE, Shannon, Simpson, and InvSimpson for all treat-
ments are shown in Table 7.

The observed, Chaol, ACE, and Simpson indices, showed no signif-
icant difference between treatments (p > 0.05). Feces from healthy
adults analyzed at the beginning of colonic fermentation showed higher
values for the se.Chaol, Shannon, and InvSimpson indices (CTO, 6.55,
6.10, and 337.28, respectively) (p < 0.05). At the end of fermentation,
lower values for Shannon, and InvSimpson indices were observed in the
media with bacaba pulp (BT48, LAT48, LCT48, p < 0.05). Shannon and
Simpson diversity indices have been traditionally used to measure
community diversity (Lemos et al., 2011), suggesting that fermentation
time (48 h) and the bacaba pulp addition reduced the community di-
versity. The se.ACE index presented a higher value when adding bacaba
pulp with LA-05 (LAT48, 12.96). The ACE index has been used as an
abundance-based coverage estimator of species richness (Zhao & Eun,
2020). Therefore, LA-5 promoted an increase in the species richness.

The taxonomic assignment obtained by sequencing analysis of 16S
rRNA genes showed that the ASVs belonged to two main bacterial phyla
in bacaba pulps CTO, namely, Firmicutes (60.89 %) and Bacteroidota

Table 7
Alpha diversity indices obtained from 168 rRNA gene amplicon sequencing in
colonic fermentation experiments.

CTO CT48 BT48 LAT48 LCT48
664.00 = 68400+ 63150+ 71650 = 656,50 =
Observed 62,004 2,004 24.50 & 23.50 4 67.50 4
676.05+ 68770+ 63773+ 72121+  661.88 =
Chaol 67.05 % 25554 21.95* 26.49 % 68.50 *
6.55 + 2.80 = 377 + 315+ 374+
se.Chaol 1.49 4 0.25% 1.04* 1.42° 0.45"
673.02=  687.61+  637.27+ 72093+  660.77 =
ACE 67.45* 2,504 23354 25224 68,554
11.06 + 12,50 + 12.37 + 12.96 = 12,09 +
se.ACE 0.39” 0.01% 0.20%¢ 0134 0.00¢
6.10 + 591 = 573 = 5.83 + 5.82 +
Shannon 0.10% 0.00® 0.01¢ 0.06%¢ 0.05"¢
1.00 + 1.00 = 1.00 = 0.997 + 1.00 +
Simpson 0.00 4 0.00 4 0.00 A 0.00 A 0.00
337.28 = 260724+ 20074+ 21376 = 219.71 =
InvSimpson ~ 40.05 A 2.06% 0.10¢ 16.99"%¢ 2.20%¢

CT0: no addition of bacaba pulp, only the microbiota in the fermentation me-
dium, at time 0 h; CT48: no addition of bacaba pulp, only the microbiota in the
fermentation medium, after 48 h of fermentation; BT48: addition of non-
fermented and digested bacaba pulp, after 48 h of fermentation; LAT38: addi-
tion of bacaba pulp fermented by LA-05 and digested after 48 h of fermentation;
LCT48: addition of bacaba pulp fermented by LC1 and digested after 48 h of
fermentation; Values are expressed as mean + standard deviation (mg/100 g);
A-D: different lowercase letters substituted in the same line denote differences
(p < 0.05) between the same alpha diversity for different treatments, according
to Tukey’s test or t-test.
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(28.10 %) (Fig. 3). Then, Actinobacteriota (6.28 %), and Proteobacteria
(3.19 %) were found. Firmicutes is one of the predominant phyla of the
gut microbiota and has been reported to have the ability to increase
dietary energy harvest, which includes butyrate-producing genera such
as Faecalibacterium, Roseburia, Eubacterium, and Clostridium (Zeng et al.,
2019). Studies show that 60-80 % of the total fecal microbiome belongs
to the Firmicutes and Bacteroidetes phyla, indicating that these phyla
dominate the gut microbiota in healthy individuals (Retnakumar et al.,
2022). Among the four main phyla (Firmicutes, Bacteroidetes, Proteo-
bacteria, and Actinob: ia), the Proteobacteria is the most unstable. The
bloom of Proteobacteria is a microbial signature of dysbiosis in the gut
microbiota (Kumar & Kumar, 2022). Therefore, our results are similar to
others concerning the microbiota of healthy adults.

At the phylum level (Fig. 3), after colonic fermentation, adding
bacaba pulp without or with LA-05 or LC1 (BAT48, LAT48, and LCT48)
to the feces of healthy adults resulted in an increased abundance of
Proteobacteria and Bacteroidota (p < 0.05), and decreased abundance of
Firmicutes, Desulfobacteota, and Actinobacteriota (p < 0.05) (CT48). No
differences were observed for Verrucomicrobiota, Synergistota, and Eur-
yarchaeota (p > 0.05).

At the class level (Table 8), after colonic fermentation, adding
bacaba pulp without or with LA-05 or LC1 (BAT48, LAT48, and LCT48)
to the feces of healthy adults resulted in an increased abundance of
Gammaproteobacteria, Bacteroidia, Bacilli, and Negativicutes (p < 0.05,
CT48), and decreased abundance of Clostridia, Desulfovibrionia, Cor-
iobacteriia, Actinobacteria, and Verrucomicrobiae (p < 0.05, CT48). The
LAT48 showed a higher abundance of Bacilli (p < 0.05). No differences
were observed for Synergistia (p > 0.05). Notably, the increase in the
abundance of Gammaproteobacteria is favorable (Jeong et al., 2019; Kim,
Le, et al.,, 2017; Litvak et al., 2017; Rizzatti et al., 2017). Bacilli has been
shown to improve digestive health by minimizing the human inflam-
matory response and increasing intestinal barrier function (Cao et al.,
2020; Rhayat et al., 2019). It is also involved in altering the microbiota
in the human gastrointestinal tract and providing health-promoting

100 -
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60 A

40
20

Relative abundance (%)

cTo cT48 BT48
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Table 8
Relative abundance of bacterial class in colonic fermentation experiments with
bacaba pulp fermented by L. casei 01 and L. acidophilis 05.

Class cro CT48 BT48 LAT48 LCT48
& wobacieria  219% 4652 5910+ 5740+ 5561 +
MMaproteobactena g 43¢ £0.69° 0344 3.60* 0924
i 5562+  28.89 1337+ 1503+ 1725+

0214 +0.10°  0.907 2329 0.53¢
Sicdersiil 2840+ 833+ 1065+ 1154+ 1141+
0734 0.41¢ 0.39° 0.15" 0.51%
Bacii 362+ 361+ 473+ 697+ 606+
’ 0.31° 0.18° 0.28¢ 0.53 % 0.23%
- 064+ 796+ 452+ 498+ 479+
Dailfevbrionis 0.02¢ 0144 012° 0.92° 0.12°
ro— 166+ 123+ 3394+ 277+ 3.63 +
egatvicutes 0.16°  0.18° 0.394 0.74 4 0.37 4
Cirishacieli 116+ 066+ 057+ 060+ 043+
oriobactertia 0134  0.05° 0.11% 0.30° 0.14%

5 crbcbacteria 5624+ 077+ 040+ 041+ 038 &
: = 0.20* 0.03* 0.07¢ 0.10¢ 0.05¢
Vermiconitirobiia 011+ 037+ 022+ 018+ 028+

0.01¢ 0.15* 0.03" 0.09" 0.01®
S 111+ 000+ 006+ 015+ 012 +
YT 0.12* 0.00° 0.02° 0.02° 0.12°
— 050+ 007+ 003+ 000+ 007+

0.024 0.02° 0.03" 0.00° 0.07%

CTO: no addition of bacaba pulp, only microbiota in the fermentation medium, at
time 0 h; CI'48: no addition of bacaba pulp, only the microbiota in the
fermentation medium, after 48 h of fermentation; BT48: addition of non-
fermented and digested bacaba pulp, after 48 h of fermentation; LAT48: addi-
tion of bacaba pulp fermented by LA-05 and digested after 48 h of fermentation;
LCT48: addition of bacaba pulp fermented by LC1 and digested after 48 h of
fermentation; Values are expressed as mean -+ standard deviation (mg/100 g);
A-D: different lowercase letters substituted in the same line denote differences
(p < 0.05) between the same class for different treatments, according to Tukey’s
test or t-test.

I Proteobacteria
[ Firmicutes

[ Bacteroidota
@ Desulfobacterota
[ Actinobacteriota
[ Verrucomicrobiota
Synergistota
[ Euryarchaeota
@ Unknown

LAT48 LCT48

Fig. 3. Relative abundance of bacterial phyla in vitro colonic fermentation experiments for each treatment with or without addition of bacaba pulp fermented by L.

casei 01 and L. acidophilus 05.

10

185



B.B.T. de Assis et al.

factors to humans or other hosts, such as GABA and vitamins that
stimulate the host’s immune system to act against pathogens (Starosila
et al., 2017). Specifically, it has been demonstrated that bacteriocins
secreted by Bacilli play a critical role in suppressing cancer and that they
repress and control influenza viral infectivity, which can be achieved by
coordinated defense by the altered microbiota in the gut and also by the
secretion of several antiviral substances (Kaur & Kaur, 2015; Starosila
et al., 2017).

At the order level (Fig. 4), after colonic fermentation, adding bacaba
pulp without or with LA-05 or LC1 (BAT48, LAT48, and LCT48) to the
feces of healthy adults resulted in an increased abundance of Enter-
obacterales, Bacteroidales, L bacillales, Desulfovibrionales, and Acid-
aminococcales (p < 0.05, CT48), and decreased abundance of
Peptostreptococcales-Tissierellales, Clostridiales, and Bifidobacteriales (p <
0.05, CT48). The LAT48 showed a higher abundance of Lactobacillales (p
< 0.05). No differences were observed for Lachnospirales and Oscil-
lospirales (p > 0.05). Acidaminococcales, an important order of
glutamate-fermenting microorganisms, produces ammonia as the pri-
mary end product through glutamate fermentation. Changes in the
microbiomes of this order may lead to changes in metabolites related to
gamma-glutamyl. Circulating levels of gamma-glutamyl-related bioac-
tive metabolites produced by the gut microbiome permeate the blood-
brain barrier, which may play essential roles in the pathogenesis of
brain-related diseases (Zhang et al., 2017). An increase in the abundance
of Lactobacillales has beneficial effects that have been investigated,
including reducing the risk of infection, providing resistance to coloni-
zation, improving intestinal barrier function, possibly in conjunction
with lowering inflammation, modifying bile acid metabolism, and
perhaps the cholesterol metabolism. Lactobacillales may also act to
modulate levels of neurotransmitters involved in mood and behavior,
modulate the risk of kidney disease through oxalate degradation, and,
most importantly, act as a genetically tractable host for biotherapeutic
administration (Walter & O'Toole, 2023).

In addition, information in the literature varies regarding the bene-
fits of Lactobacillaceae, such as improving type 2 Diabetes mellitus, anti-
inflammatory effects and reducing body weight (Wei et al., 2020),
producing short-chain fatty acids, which may be useful for energy
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metabolism, maintaining intestinal integrity, preventing endotoxemia
and intestinal gluconeogenesis (Zhang et al., 2017). A decrease in the
abundance of Clostridiales is considered a beneficial outcome, as it was
addressed by Li et al. (2024) when they identified several genera within
the order Clostridiales predominantly responsible for amino acid meta-
bolism dysfunction, especially for the metabolism of branched-chain
amino acids (BCAAs), which have been shown to affect brain function,
mood, and cognition. Therefore, the authors obtained sufficient evi-
dence to conclude that amino acid fermenting Clostridiales taxa and their
end products SCFAs were important contributors to different psychiatric
diseases.

At the family level (Fig. 5), after colonic fermentation, adding bacaba
pulp without or with LA-05 or LC1 (BAT48, LAT48, and LCT48) to the
feces of healthy adults resulted in an increased abundance of Entero-
bacteriaceae, Bacteroidaceae, Enterococcaceae, and Acidaminococcaceae
(p < 0.05, CT48), and decreased abundance of Desulfovibrionaceae,
Peptostreptococcaceae, and Bifidobacteriaceae (p < 0.05, CT48). No dif-
ferences were observed for Tannerellaceae, Lachnospiraceae, and Rumi-
nococcaceae (p > 0.05). Several facultatively anaerobic bacteria, such as
those from the families Enterobacteriaceae and Enterococcaceae, are
ubiquitous members of the healthy human gut microbiota but generally
at levels considerably (at least 100-fold) lower than those of strictly
anaerobic gut commensals (Schaik, 2015).

At the genus level (Table 9), after colonic fermentation, adding
bacaba pulp without or with LA-05 or LC1 (BAT48, LAT48, and LCT48)
to the feces of healthy adults resulted in an increased abundance of
Acidaminococcus, Bacteroides, Enterococcus, and Escherichia-Shigella (p <
0.05, CT48), and decreased abundance of Bifidobacterium, Bilophila,
Lachnoclostridium, Parabacteroides, and Paraclostridium (p < 0.05, CT48).
No differences were observed for Blautia (p > 0.05).

Interactions between dietary components and gut populations need
to be considered to understand better the beneficial effects of fruit
bioactive compounds on overall host well-being and to plan effective
nutritional interventions. However, the mechanisms of action through
which bioactive compounds alter intestinal composition have only
begun to be explained (Borgonovi, Salgaco, et al., 2022), and some of
them remain unclear. Therefore, new studies aiming to investigate these

Taxonomic level (Order)
A - Acidaminococcales

B - Bacteroidales

Bif - Bifidobacteriales

C - Clostridiales

D - Desulfovibrionales

E - Enterobacterales

La - Lachnospirales

Lac - Lactobacillales

O - Oscillospirales

P-T - Peptostreptococcales-
Tissierellales

O - Others

Fig. 4. Circus plot showing the relative abundance of the order inferred by 16S rRNA gene sequencing in each treatment with or without addition of bacaba pulp
fermented by L. casei 01 and L. acidophilus 05 after in vitro colonic fermentation experiments. CTO: without addition of bacaba pulp, only microbiota in the
fermentation medium, at time 0 h; CT48: without addition of bacaba pulp, only microbiota in the fermentation medium, after 48 h of fermentation; BT48: addition of
unfermented and digested bacaba pulp, after 48 h of fermentation; LAT48: addition of bacaba pulp fermented by LA-05 and digested after 48 h of fermentation;
LCT48: addition of bacaba pulp fermented by LC1 and digested after 48 h of fermentation.
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[ Enterobacteriaceae
Il Bacteroidaceae
[ Lachnospiraceae
[ Enterococcaceae
Il Desulfovibrionaceae
[ Peptostreptococcaceae
Il Acidaminococcaceae
[ Tannerellaceae
Il Bifidobacteriaceae
I Ruminococcaceae
[ Others

LCT48

Fig. 5. Relative abundance of bacterial family in vitro colonic fermentation experiments for each treatment with or without addition of bacaba pulp fermented by

L. casei 01 and L. acidophilus 05.

Table 9
Relative abundance of bacterial genus in colonic fermentation experiments with
bacaba pulp fermented by L. casei 01 and L. acidophilus 05.

Genus CTO CT48 BT48 LAT48 LCT48
0.00 £ 0.71 + 2.86 = 203 + 293+
Acidaminococcus 0.00% 0.14% 0.52* 0.79* 0.48*
2119+ 494+ 8.63 = 9.37 + 9.37 +
Bacteroides 1.45% 0.08¢ 0.16° 0.19° 0.33°
5.62 + 0.77 + 0.40 = 041 + 0.38 +
Bifidobacterium 0.20 % 0.03" 0.07¢ 0.10° 0.05¢
0.32 + 6.56 + 3.45 = 3.48 + 3.38 +
Bilophila 0.02¢ 0394 0.06" 0.69" 0.10%
1783+ 041+ 1.08 = 071 + 0.65 +
Blautia L™ 0.19" 0.06% 0.01% 0.05"
025 £ 353+ 719 = 633 & 538 +
Enterococcus 0.10% 0.10° 0514 0.36" 0.20¢
Escherichia- 2.88 + 4459+ 5718+  55.45+ 53.92 +
Shigella 0.09¢ 0.72° 040" 3234 1.04*
0.02 £ 334+ 173 = 175 £ 201+
Lachnoclostridium 0,02 0174 0.70° 0.56" 0.50%
5063+ 1772+ 1568+  17.61+ 17.53 +
Other 0104 0.71% 052" 2.16° 1.96"
1.29 + 249 + 1.43 = 1.47 + 1.37 +
Parabacteroides 0.04% 020 % 0.16% 0.02° 0.22°
0.00 + 1494+ 041 = 1.38 + 313+
Paraclostridium 0.00” 0274 0.21° 0.03¢ 0.68"

CTO: no addition of bacaba pulp, only microbiota in the fermentation medium, at
time 0 h; CT48: no addition of bacaba pulp, only the microbiota in the
fermentation medium, after 48 h of fermentation; BT48: addition of non-
fermented and digested bacaba pulp, after 48 h of fermentation; LAT48: addi-
tion of bacaba pulp fermented by LA-05 and digested after 48 h of fermentation;
LCT48: addition of bacaba pulp fermented by LC1 and digested after 48 h of
fermentation; Values are expressed as mean + standard deviation (mg/100 g); a-
b: different lowercase letters substituted in the same line denote differences (p <
0.05) between the same class for different treatments, according to Tukey’s test
or t-test.
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mechanisms must be carried out. Furthermore, it is also important to
evaluate whether these compounds positively or negatively affect
beneficial microorganisms, such as lactic acid bacteria, as they are
generally used to modulate the intestinal microbiota.

Our study provides important information about the functional
benefits of bacaba pulp fermentation and its impact on the microbiota of
healthy individuals. Previous studies have also reported increased bio-
accessibility of phenolic compounds and antioxidant activity after pro-
biotic fermentation of fruit pulps, such as for red pitaya fermented with
L. acidophilus LA —05 or B. lactis BB -12 (Morais et al., 2019), seriguela,
mangaba, mango, and acerola fermented with L. acidophilus LA —05 and
L. casei LC1 (Assis et al., 2021) and lychee pulp fermented with L.
plantarum and Limosil wcillus fer At the same time, im-
provements on the microbiota composition were reported for lychee
pulp fermented by L. plantarum and L. rhamnosus (Tang et al., 2023) or
mangaba pulp fermented with L. casei 01 (Assis et al., 2024). However,
the effect depended on the probiotic strain, fruit pulp (Assis et al., 2021),
and group (healthy individuals, vegans, etc) suggesting the need to
evaluate the compatibility of fruit pulps and the selected probiotics.

Our study also highlights the nutritional and microbiota-modulating
benefits of fermented bacaba pulp. However, future studies are needed
to evaluate its potential for commercialization purposes, such as product
stability during cold storage with the establishment of shelf life, the
impact of probiotic fermentation on the sensory attributes and consumer
acceptance of the products, and the verification of regulatory aspects.
The bacaba pulp could be commercialized as a functional food or eval-
uated as dietary supplementation. As the global population is increas-
ingly adopting a healthy lifestyle, focusing on better eating habits, this
issue drives the integration of health-promoting ingredients into foods
and beverages, leading to the development of functional products that
meet these demands (Peruzzolo et al., 2025). Furthermore, clinical or
animal trials are necessary to substantiate the results obtained, since in
vitro fecal fermentation models cannot fully simulate the complex in vivo
environment, and this limitation needs to be acknowledged.
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4. Conclusions

This study was the first to evaluate fermented bacaba pulp for pro-
biotic metabolism and survival and its effect on modulating the micro-
biota of healthy adults. Bacaba pulp was a suitable substrate for
probiotic growth, presenting adequate viability, and higher concentra-
tions and bioaccessibility of phenolics. Sequencing of 16S rRNA indi-
cated positive results in modulating the microbiota of healthy adults,
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Chemical Toxicology, 199, Article 115341. hitps://doi.org/10.1016/].
fct.2025.115341

AOAC (Ed.). 16). Official methods of analysis. 20th ed. AO/
(20th ed.). Gaithersburg, MD: AOAC Intl.

Assis, B. B. T., Pimentel, T. C., Dantas, A. M., Dos Santos Lima, M., & da Silva Campelo
Borges, G., & Magnani, M.. (2021). Biotransformation of the Brazilian Caatinga fruit
derived phenolics by Lactobacillus acidophilus 1a-5 and Lacticaseibacillus casei 01
impacts bioaccessibility and antioxidant activity. Food Research International, 146,
Atticle 110435. https://doi.org/10.1016/j.foodres.2021.110435

Assis, B. B. T., Pimentel, T. C., Vidal, H., Lima, M. S., Galvao, M. S., Madruga, M. S., &
M: i, M. (2024). M ba pulp fermented with Lacticaseibacillus casei 01 has
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with an increase in the abundance of the order Acid, ales,
Enterobacterales, and Lactobacillales. These findings provide theoretical
evidence for using bacaba pulp as a functional food.
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5.5 PATENTE - Processo de fermentagdo probidtica aplicado a frutas tropicais para producao de
alimento funcional. (Patente submetida ao processo de depdsito na Agéncia UFPB de Inovagao

Tecnologica - INOVA UFPB).

“PROCESSO DE FERMENTACAO PROBIOTICA APLICADO A FRUTAS TROPICAIS
PARA PRODUCAO DE ALIMENTO FUNCIONAL”

As culturas probioticas utilizadas durante o processo de fermentacdo podem biotransformar os
compostos fendlicos de frutas e derivados, liberando compostos fenolicos conjugados com outros
constituintes da matriz alimentar, e gerando compostos com maior bioatividade do que suas
estruturas precursoras, embora o efeito das culturas probidticas na biotransformagao dos compostos
fenolicos pode depender da cepa probiotica e do tipo de fruta. Os processos fermentativos podem
ser uma estratégia eficaz para aumentar a bioacessibilidade de polifendis, os niveis antioxidantes de
produtos de frutas e vegetais, e relevantes para a reutilizagdo de componentes da fruta (geralmente
desperdigados apds o processamento) com valor biologico suficiente, com indicativo de um
historico seguro de consumo. Hé estudos que relataram o efeito benéfico da fermentacdo com
diferentes probidticos em matrizes como purés de seriguela, mangaba, manga-rosa e acerola
fermentadas com Lacticaseibacillus casei 01 e Lactobacillus acidophilus 05, polpa de mangaba
fermentada com Lacticaseibacillus casei 01 e polpa de bacaba fermentada com Lactobacillus
acidophilus 05 (LA-05) and Lacticaseibacillus casei 01 (LCI), no entanto os processos
fermentativos sdo varidveis e complexos e precisam de etapas validadas para o processo ocorrer
eficazmente. Por esta razdo, a presente invencdo busca solucionar esse entrave, através do
direcionamento das etapas que ocorrem antes e durante a fermentagdo de frutas tropicais com
culturas probidticas, para a obtengdo de um alimento funcional com historico seguro de consumo.
Esta invencdo possui ampla aplicacdo na éarea de biotecnologia, sobretudo, na produgdo de
alimentos funcionais a partir da fermentacdo com culturas probioticas com aplicabilidade
principalmente a induastria de alimentos e pequenas cadeias produtivas que estdo focadas no
aproveitamento e valoriza¢ao de frutas tropicais. Até o presente momento ndo foram encontrados
relatos sobre a utilizagdo de processos fermentativos com culturas probidticas em frutas tropicais,
portanto, as invencdes conhecidas no estado da técnica sdo completamente distintas do revelado na
presente invengdo. O presente documento trata-se do resumo da invencdo, caracterizado pela

descrigao do objetivo e as etapas necessarias do processo fermentativo probiodtico de frutas tropicais.
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6 CONSIDERACOES FINAIS

Os achados desta pesquisa contribuem com informacgdes para a valorizacao de frutas pouco
exploradas e seu consumo como alimento funcional com efeitos benéficos a saide. A pesquisa
demonstrou que as polpas de mangaba e bacaba foram um substrato adequado para o crescimento
de probioticos, resultando em viabilidade adequada apdés a fermentagdo e condigdes
gastrointestinais simuladas e maior concentragdo e bioacessibilidade de fendlicos em comparagao
a polpa controle. As polpas fermentadas probidticas de mangaba e bacaba apresentaram maior
concentracao de acidos organicos incluindo latico e propionico. Além disso, as polpas de mangaba
e bacaba fermentadas promoveram aumento na abundancia de grupos bacterianos associados a
efeitos positivos na microbiota humana contribuindo positivamente para a modulagdo da
microbiota. A polpa de mangaba fermentada aumentou a abundancia relativa dos grupos Dorea,
Romboutsia, Faecalibacterium ¢ a polpa de bacaba, por sua vez, aumentou a abundancia de
Acidaminococcales, Enterobacterales e Lactobacillales. As polpas de fruta fermentadas também
impactaram positivamente nos indices de diversidade microbiana resultando em uma microbiota
equilibrada e funcional. Na avalia¢ao sensorial da polpa fermentada de mangaba como um novo
produto funcional durante o armazenamento foi observada viabilidade probiotica ao longo de 28
dias, estabilidade dos compostos fendlicos bioacessiveis, atividade antioxidante e manuten¢do dos
parametros de qualidade. A polpa de mangaba fermentada recebeu maiores escores que a polpa nao
fermentada para atributos sensoriais como cor, brilho, frescor e aroma até o final do periodo de
armazenamento, suportando o desenvolvimento de um novo produto funcional.

Esta pesquisa foi a primeira a avaliar a polpa de mangaba e bacaba fermentadas quanto ao
metabolismo e sobrevivéncia de probidticos e seu efeito na modulacdo da microbiota intestinal de
adultos saudaveis e veganos, respectivamente. Os resultados fornecem novas informagdes sobre o
potencial do uso da mangaba e da bacaba como polpas funcionais que podem beneficiar a satde
humana por meio de alteragdes na microbiota colonica. Além disso, o conhecimento gerado atende
um eixo prioritdrio de direcionamento da ciéncia para o reconhecimento das riquezas da
biodiversidade brasileira e sua exploragao sustentavel e uso para promocao da saude humana. Os
produtos gerados reforcam a potencialidade da bioeconomia nas regides Norte e Nordeste a
projecdo do pais. Para pesquisas futuras recomenda-se estudos clinicos para confirmar os efeitos
moduladores destas polpas fermentadas probidticas na microbiota intestinal humana e seus

impactos na saude.
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8 PRINCIPAIS CONTRIBUICOES ACADEMICOS E SOCIAIS

O estudo desenvolvido na presente tese sobre fermentagao probiotica visando uma estratégia
para valorizagdo de frutas nativas subexploradas estd alinhado a alguns dos Objetivos de
Desenvolvimento Sustentavel (ODS) da Agenda 2030 das Nagdes Unidas (ONU). A tese
desenvolvida est4 diretamente relacionada a ODS 1 Erradicacdo da pobreza, ODS 2 (Fome zero e
agricultura sustentavel), ODS 3 (Saude e bem-estar), ODS 8 (Trabalho decente e crescimento
economico), ODS 10 (Redugao das desigualdades), ODS 11 (Cidades e comunidades sustentaveis),
ODS 12 (Consumo e producao responsaveis), ODS 13 (A¢ao contra mudanca global do clima), e
ODS 15 (Vida terrestre), refletindo a importancia dos resultados gerados e seu potencial de
aplicagdo. O desenvolvimento das polpas fermentadas probidticas a partir de frutas subexploradas
como a mangaba e a bacaba em paralelo a comprovagao cientifica dos efeitos benéficos a saude dos
individuos, permitiu o desenvolvimento de novos alimentos com potencial funcional.

As polpas fermentadas de mangaba e bacaba atendem as atuais demandas do mercado
consumidor por produtos nutritivos, que contribuam para além da nutri¢do basica e resultantes de
uma exploragao sustentavel do meio ambiente. Estes produtos atendem o crescente nicho
mercadologico de produtos de origem vegetal e sem lactose. Ha impactos positivos na bioeconomia
que surge como op¢ao para as populagdes locais e habitantes das regides Norte e Nordeste, onde
existe uma diversidade de frutas ainda obtidas de forma extrativista. Os resultados suportam o
desenvolvimento de novos produtos funcionais que podem ser desenvolvidos por associagdes locais
para geracdo de renda contribuindo para a fixagdo nestas regides e para a economia circular. A
exploracao sustentavel de frutas nativas contribui para a preservacao da biodiversidade brasileira,
alinhadas ao combate dos desafios impostos pelas mudangas climaticas e desmatamento.

Desta forma, os produtos propostos podem contribuir para a promog¢do da Seguranca
Alimentar e Nutricional pela utilizagao de frutas subexploradas, que sdo fonte de nutrientes e de
compostos bioativos, contribuindo indiretamente, pela geragao de renda, para a mitigacao da fome.
Além disso, destaca-se a oportunidade de fomentar o desenvolvimento econdmico e social nas
regides menos desenvolvidas do Brasil. O conhecimento gerado atende um eixo prioritario de
direcionamento da ciéncia para o reconhecimento das riquezas da biodiversidade brasileira e sua
exploracao sustentdvel e uso para promocao da saide humana. Os produtos gerados reforcam a
potencialidade da bioeconomia nas regides Norte e Nordeste a projecao do pais.

Além do artigo de revisdo, capitulo de livro, patente e artigos originais apresentados nos
topicos anteriores, esta tese originou outros impactos académicos:

I.  Publicagdo de um artigo como co-autora: “Prebiotics in non-dairy products:
Technological and physiological functionality, challenges, and perspectives” no ano de

2022, na revista Food Bioscience.



II.

I1I.

IV.

VL
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Publicacdo de um artigo como co-autora, sob titulo “Evaluation of potentially probiotic
yeasts and Lactiplantibacillus plantarum in co-culture for the elaboration of a functional
plant-based fermented Beverage” no ano 2022, na revista Food Research International.
Publicacdo de um artigo como co-autora, sob titulo “Organic arabic coffee husk:
Antioxidant and cytoprotective properties and potential impacts on selected human
intestinal bacterial populations of individuals with diabetes” no ano 2024, na revista
Food Research International.

Participacdo em Congresso Brasileiro com resumo submetido e aceito na modalidade
poster e apresentacdo, sob titulo “Impacts of bacaba fruit fermented with probiotics on
gut microbiota” no ano 2024, no 29* CBCTA — Congresso Brasileiro de Ciéncia e
Tecnologia de Alimentos, em Florianopolis, com o tema “O futuro dos alimentos:
inovacao, saude e sustentabilidade na cadeia produtiva de alimentos”.

Participag¢do em Congresso Internacional com resumo submetido e aceito na modalidade
poster, sob titulo “Can probiotics be used as biotechnological tools to increase
bioaccessible phenolics in soursop pulp?” no ano 2021, no IAFP — Internacional
Association for Food Protection.

Participag¢do e Premiacdo em 1° lugar no 23* Prémio Péter Muranyi da Fundacdo Péter
Muranyi, na categoria alimentagdo, juntamente com outros colaboradores com o projeto
intitulado “Biotransformacgao para valorizacao de frutas nativas subexploradas no Norte

e Nordeste do Brasil”.
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TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

O Sr.(a) esta sendo convidado(a) a participar do projeto de pesquisa “Fermentagao
probiotica de polpas de frutas nativas: Aspectos tecnologicos, sensoriais e efeito na
microbiota humana”, de responsabilidade do pesquisador Bianca Beatriz Torres de
Assis.

O objetivo deste estudo ¢ avaliar as polpas de mangaba e bacaba fermentadas
probioticas na modulagao da microbiota intestinal de adultos saudaveis e/ou veganos. Os
resultados desta pesquisa contribuirdo com a sociedade, por meio da geracdo de dados
sobre como composicao da populagdo bacteriana intestinal de adultos saudaveis e/ou
veganos, € como a modulacio pode ser feita via dieta utilizando polpa de mangaba ou
bacaba, oferecendo assim melhor qualidade de vida para estes individuos. Além disto, a
presente pesquisa representa uma possibilidade de obtencdo de informagdes que podem
contribuir e ampliar a disponibilidade de alimentos funcionais, além de agregar valor a
um produto agricola importante para o Brasil.

A participagdo nesta pesquisa consistira na doagdo de fezes para a realizacao das
analises que possibilitem identificar e quantificar a populagao bacteriana intestinal dos
participantes, bem como os metabdlitos produzidos por estas bactérias.

Sao esperados os seguintes beneficios desta participagdo: contribui¢do na geragao
de dados sobre a modulagdo da microbiota intestinal para atenuagdo dos efeitos de
disbiose, em adultos sauddveis e/ou adultos veganos. Considerando que toda pesquisa
oferece algum tipo de risco, nesta pesquisa podem haver riscos minimos associados ao
desenvolvimento do estudo, tais como desconforto na coleta do material fecal e doacao
do material fecal.

As informacdes fornecidas por vocé serdo consideradas confidenciais e de
conhecimento apenas dos pesquisadores responsaveis. Os participantes da pesquisa ndo
serdo identificados em nenhum momento, mesmo quando os resultados desta pesquisa
forem divulgados em qualquer forma, garantindo o anonimato.

Nao serd cobrado nada, ndo haverd gastos decorrentes de sua participacao, se
houver algum dano decorrente da pesquisa, o participante sera indenizado nos termos da
Lei.

Gostariamos de deixar claro que a participagdo € voluntaria e voc€ tem o direito
de desistir da participagdo nesta pesquisa a qualquer momento, sem nenhuma penalidade
ou prejuizo de qualquer natureza.

Desde ja, agradecemos a atengdo e a participagdo e colocamo-nos a disposi¢ao
para maiores informagdes. (Bianca Beatriz Torres de Assis, (83) 998077193,
biancabtassis@gmail.com)

Esse termo tera suas paginas rubricadas pelo pesquisador que aplicara o termo e
pelo(s) participantes e sera assinado em duas vias, das quais uma ficard com o participante
e a outra com pesquisador.

Ao fornecer o meu consentimento assinando este Termo, eu declaro que recebi
todas as informagdes sobre o projeto de pesquisa de forma clara e completa e que minhas
perguntas foram respondidas satisfatoriamente. Tenho conhecimento de que posso
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desistir da participa¢dao a qualquer momento e que receberei uma via deste documento
assinado por mim.

Participante

Nome Completo do Participante da Pesquisa

Pesquisador

Eu confirmo que expliquei a natureza e o objetivo desta pesquisa, e 0s possiveis riscos e
beneficios ao participante da pesquisa.

Nome do Pesquisador

Assinatura do Pesquisador Data (dd-MM-aaaa)
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O projeto intitulado: POLPAS DE FRUTAS DOS BIOMAS BRASILEIROS FERMENTADAS COM
PROBIOTICOS: ASPECTOS FUNCIONAIS, SENSORIAIS E TECNOLOGICOS, pertence ao
PPGCTA/CT/UFPB.

Introdug&o:

O Brasil possui uma grande biodiversidade de frutas nativas, porém algumas ainda inexploradas e
comercialmente indisponiveis. No entanto, as frutas nativas do Brasil tém despertado crescente interesse na
exploragao devido ao seu potencial tecnologico e agroindustrial, alto valor nutricional e caracteristicas Unicas
como cor, sabor e aroma (BITENCOURT et al., 2019 ). Dentre a grande variedade de frutas nativas,
destacam-se a mangaba (Hancornia speciosa Gomes) e bacaba (Oenocarpus bacaba Mart.) (REIS et al.,
2022; MORAIS et al., 2022). A mangaba possui alto teor de compostos fendlicos e boa capacidade
antioxidante, sendo acido clorogénico (150 + 5 mg/qg) e rutina (120 =+ 8 mg/g) os principais (SANTOS et al ,
2022). A bacaba apresenta alto teor de flavonoides totais e fendlicos em sua polpa, em torno de 16,41 mg
de quercetina/100g e 98 mg de acido galico/100g (SANTOS FILHO et al., 2020). Essas frutas sdo sazonais
e tem uma vida util curta devido a sua natureza
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perecivel e suscetibilidade a patégenos pés-colheita (ARRUDA; ARAUJO; MAROSTICA JUNIOR, 2022;
SANTOS et al., 2021). Devido a isto, estas frutas sdo consumidas na forma de produtos derivados, como as
polpas. Estudos tém demonstrado que a fermenta¢do de polpas de frutas utilizando probiéticos, pode
contribuir com ingredientes funcionais e prolongar a vida util da fruta (MORAIS et al., 2019). Ha estudos que
relataram o efeito benéfico da fermentagdo com diferentes probidticos em matrizes como polpa de manga
fermentada com Lacticaseibacillus paracasei OR1 (MK252696), PP1 (MK253713), Lacticaseibacillus
rhamnosus MA3 (MK253673) e PP3 (MK253673) (LAOPHPNGPHIT; SIRIPORNADULSIL;
SIRIPORNADULSIL, 2023), polpa de goiaba fermentada com Lactococcus lactis subsp lactis e Lactobacillus
casei LA-1 (KAUR; GHOSH, 2023), polpa de lichia fermentada por Lactobacillus plantarum, Lactobacillus
rhamnosus e uma cepa mista dos dois (TANG et al., 2023), polpa de kiwi fermentada com Lactiplantibacillus
plantarum subsp. Plantarum (ZHOU et al. 2020), polpa de logan fermentada com Lactobacillus fermentum
(HUANG et al., 2019), polpa de pitaya vermelha fermentada com Lactobacillus acidophilus LA-05 ou
Bifidobacterium animalis ssp. lactis BB-12 (MORAIS et al., 2019) e purés de seriguela, mangaba, manga-
rosa e acerola fermentadas com Lacticaseibacillus casei 01 e Lactobacillus acidophilus 05 (ASSIS et al.,
2021). As matérias-primas, como as frutas ou polpas de frutas, podem ser transformadas através da
fermentagdo em novos produtos com melhor qualidade nutricional, propriedades melhoradas para a satde
intestinal, funcionalidades biologicas especificas e substancias bioativas (FILANNINO et al., 2019; GARCIA
et al., 2016). Em vista disso, os processos fermentativos podem ser uma estratégia eficaz para aumentar a
bioacessibilidade de polifendis, os niveis antioxidantes de produtos de frutas e vegetais, e relevantes para a
reutilizacdo de componentes da fruta (geralmente desperdicados apos o processamento) com valor
bioldgico suficiente. E no mais, os produtos fermentados geralmente possuem um historico sequro de
consumo (KAUR; GHOSH, 2023). Por conseguinte, as culturas probidticas utilizadas durante o processo de
fermentacdo podem biotransformar os compostos fendlicos de frutas e derivados, liberando compostos
fendlicos conjugados com outros constituintes da matriz alimentar, e gerando compostos com maior
bioatividade do que suas estruturas precursoras (VALERO-CASES et al., 2017; DELGADO et al., 2019;
KAPRASOB et al., 2017). Assim, fermentagdes de frutas com bactérias probioticas tem sido sugerida como
um método de grande valor para melhorar suas propriedades nutricionais e bioativas (MARCO et al., 2017).
O efeito das culturas probiéticas na biotransformagdo dos compostos fenélicos pode depender da cepa
probiotica e do tipo de fruta (MORAIS et al., 2019). No mais, a microbiota intestinal pode realizar a
biotransformacdo de compostos fendlicos, porém, o consumo de
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produtos fermentados com compostos fenolicos mais bioacessiveis podem proporcionar efeitos benéficos
independente da microbiota do hospedeiro (BRAGA et al., 2018). A microbiota € comumente analisada por
sequenciamento de 16S rRNA (SAWADA et al., 2021). Estudos usando modelos col6nicos in vitro, aplicando
a microbiota fecal para metabolizar alimentos e determinar a fragZo dos compostos biotransformada por
esses microrganismos bem como estudos que apresentem o potencial destes produtos como alimentos
funcionais ainda sdo escassos na literatura. Diante do exposto o presente estudo foi realizado para avaliar
os aspectos tecnoldgicos (pH, sdlidos soltveis totais e acidez titulavel) durante fermentacdo de 48h das
polpas de frutas fermentadas (mangaba e bacaba), e os aspectos funcionais (viabilidade e
bioacessibilidade) durante armazenamento; analisar o contetido de agtcares, acidos organicos, compostos
fendlicos e composicdo de volateis das polpas de frutas fermentadas durante fermentacdo e
armazenamento; determinar o perfil sensorial da polpa de mangaba fermentada por meio da metodologia
Preferred Attribute Elicitation (PAE), e por fim, avaliar o potencial prebiotico das polpas de frutas
fermentadas em sistemas in vitro de fermentacdo coldnica.

Hipotese:

O metabolismo de probidticos (L. acidophilus LA-05 e L. casei LC1) influéncia nos aspectos funcionais,
sensoriais, tecnologicos em polpas de acerola e bacaba dos biomas brasileiros ao longo do armazenamento
de 28 dias, e estas podem servir de substrato para modulagdo da microbiota intestinal, estimulando as
bactérias benéficas e promovendo a reducao de bactérias patogénicas

Metodologia:

Culturas liofilizadas de Lactobacillus acidophilus LA-05 e Lacticaseibacilluscasei LC-01 foram obtidas da
Christian Hansen Ind. Com. Ltda. (Valinhos, Brasil). Para obtengdo do indculo das cepas, as culturas foram
centrifugadas (3500 rpm /15 min, 4 °C), lavadas em solucdo salina estéril e ressuspensas no mesmo meio
para obtengdo de suspensdes celulares padrdo. As densidades opticas (OD) de 1,0 e 0,1 a 660 nm foram
usadas para obtenc¢do 9 log UFC/mL para L. acidophilus LA-05 e L. casei LC1, respectivamente. A fruta
mangaba foi adquirida de um
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distribuidor local(EMPASA; Jodo Pessoa, Brasil) e a bacaba através de parceria com a Universidade Federal
do Amazonas (UFAM). A fermentagdo das polpas de mangaba e bacaba foram realizadas inoculando LA-05
e LC1 a 8 log UFC/g em um volume de 35 mL de cada polpa e incubando a 37 °C por 24 h (Assis et al_,
2021) em condigdes anaerobias em frasco anaerébio (Anaerobic System Anaerogen, Oxoid Ltd., Wade
Road, Reino Unido) com O2 tica (com adi¢do de LC1), e trés formulacdes para a polpa de bacaba: (1)
controle (sem adicdo de probidticos), (2) polpa de bacaba fermentada probidtica (com adi¢do de LA-05) e (3)
polpa de bacaba fermentada probidtica (com adi¢do de LC1). As formulagdes de mangaba e bacaba foram
analisadas antes e durante a fermentagdo quanto a viabilidade probidtica, valores de pH, acidez titulavel e
valores de SST. Além disso, apenas as formulagdes de mangaba foram avaliadas durante o
armazenamento refrigerado (7 °C/28 dias) quanto a viabilidade probiotica, parametros fisico-quimicos, teor
de aclcares, acidos organicos, perfil de compostos fendlicos, bioacessibilidade, compostos volateis e
sensorial. E por fim, o efeito das formulacdes de mangaba e bacaba na microbiota colonica com
consequente avaliac3o dos valores de pH, teor de acticares, acidos organicos e perfil fendlico. As células
viaveis de L. acidophilus e L. casei foram enumeradas em polpas de frutas ao longo do armazenamento (1,
14 e 28 dias) e nas etapas da digestdo in vitro, usando uma técnica de inoculacdo em microgotas
(HERIGSTAD; HAMILTON; HEERSINK, 2001). As analises de pH, acidez titulavel (AT) e solidos sollveis
totais (SST) das amostras de polpas de frutas fermentadas serdo realizadas seguindo procedimentos
padrdo (AOAC, 2016). A avaliacdo da bioacessibilidade em polpas de frutas pelo método de digest3o in vitro
foi realizada seguindo trés fases sequenciais: oral, gastrica e intestinal, de acordo com a metodologia
descrita por Minekus et al. (2014).0 conteldo de aclcares e acidos organicos das amostras foram
analisados por HPLC segundo COELHO et al. (2018). Para os compostos fendlicos foi utilizado a
metodologia de PADILHA et al. (2017) e para os compostos volateis a metodologia de a MONTEIRO et al.
(2018). A analise sensorial foi realizada pelo método Preferred Elicitation Atribute (PAE) segundo
Grygorczyk et al. (2013). Para o estudo dos ensaios de fermentacdo in vitro foram necessarios o
recrutamento de 4 voluntarios (veganos) para analise com polpa de mangaba fermentada e 4 voluntarios
(saudaveis) para analise com polpa de bacaba fermentada, constituidos por duas mulheres e dois homens
com idades entre 25 e 45 anos, que ndo usavam probioticos ou antibidticos ha pelo menos trés meses e
seguiam uma dieta vegana ha mais de trés anos (para os voluntarios veganos). A preparacdo do indculo
fecal seguiu metodologia descrita por Wang et al. (2020). A extracdo de DNA das amostras foi realizada
utilizando um kit de isolamento de DNA MoBio Power Food, Mobio Laboratories Inc.,
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EUA, seguindo os procedimentos do fabricante. As bactérias foram identificadas através de sequenciamento
de alto rendimento da regido 16S rRNA V3/V4 usando os primers 341F (CCTACGGGRSGCAGCAG) (Wang
& Qian, 2009) e 785R (CTACCAGGGTATCTAATCC) (Amann et al., 1995).

Critério de Incluséo:

Voluntarios Veganos saudaveis sem precedentes de doencas do intestino grosso, que nao fizeram utilizagdo
de antibioticos por pelo menos seis meses e seguiram dietas normais (sem o uso de alimentos probidticos
ou prebioticos concentrados).

Critério de Exclusdo:
Os voluntarios que ndo respeitarem aos critérios de selecio.

Objetivo da Pesquisa:

Objetivo Primario:

Avaliar as polpas de frutas mangaba e bacaba fermentadas com probiéticos (L. acidophilus LA-05 e L. casei
LC1) quanto aos aspectos funcionais, sensoriais e tecnoldgicos, e o efeito de modulagdo da microbiota
intestinal.

Objetivo Secundario:

Avaliar os aspectos tecnologicos (pH, solidos sollveis totais e acidez titulavel) durante fermentacdo de 48h
das polpas de frutas fermentadas (mangaba e bacaba), e os aspectos funcionais (viabilidade e
bioacessibilidade) durante armazenamento; analisar o contetdo de aglcares, acidos organicos, compostos
fendlicos e composi¢cdo de volateis das polpas de frutas fermentadas durante fermentacdo e
armazenamento; determinar o perfil sensorial da polpa de mangaba fermentada por meio da metodologia
Preferred Attribute Elicitation (PAE), e por fim, avaliar o potencial prebidtico das polpas de frutas
fermentadas em sistemas in vitro de fermentag3o coldnica

Enderego: Campus | / Prédio do CCS UFPB - 1° Andar

Bairro: Cidade Universitaria CEP: 58.051-000
UF: PB Municipio: JOAO PESSOA
Telefone: (33)3216-7791 Fax: (83)3218-7791 E-mail: comitedeetica@ccs.ufpb.br

Pagina 0S de 07

212



CENTRO DE CIENCIAS DA
SAUDE DA UNIVERSIDADE me
FEDERAL DA PARAIBA - asil
CCS/UFPB

Continuagdo do Parecer: 8.785.050

Avaliagdo dos Riscos e Beneficios:

Os riscos sao minimos, pois todas as amostras em estudo serdo verificadas seguindo a RDC n° 12 de 2
de janeiro de 2001 da Anvisa antes da realizagdo da analise sensorial. A analise sensorial das polpas de
frutas fermentadas e ensaios de fermentacédo in vitro se iniciara apos aprovagio
pelo Comité de Etica em Pesquisa em Seres Humanos do Centro de Ciéncias da Satide/UFPB.

Comentarios e Consideragdes sobre a Pesquisa:

Desenho Experimental realizado em 4 fases sequenciais: fase 1 - preparagao do inéculo, fase 2 -
elaboracdo das polpas de frutas fermentadas probiéticas, fase 3 - analises ao longo do armazenamento (1,
14 e 28 dias) e fase 4 - ensaios de fermentacgao in vitro.

Consideragdes sobre os Termos de apresentagéo obrigatoria:
O projeto em tela encontra-se dentro da Resolugao 466/12, e das Normas Operacionais 001/2013.

Recomendagoes:
Recomenda-se aprovar

Conclusdes ou Pendéncias e Lista de Inadequagoes:
Aprovado

Consideragoes Finais a critério do CEP:

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arquivo Postagem Autor Situacdo
Informacoes Basicas| PB_INFORMACOES_BASICAS_231126| 26/03/2024 Aceito
do Projeto 2 _E1.pdf 15:33:41
Folha de Rosto folha_rosto_bianca_ppgcta.pdf 13/11/2022 |BIANCA BEATRIZ Aceito
22:50:36 | TORRES DE ASSIS

Outros Certidao_PPGCTA pdf 27/07/2022 |BIANCA BEATRIZ Aceito
15:16:33 | TORRES DE ASSIS

Outros Carta_de_Anuencia.docx 27/07/2022 |BIANCA BEATRIZ Aceito
15:15:56 | TORRES DE ASSIS

Outros Instrumento_De_Coleta.docx 27/07/2022 |BIANCA BEATRIZ Aceito
15:11:16 | TORRES DE ASSIS
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Orcamento Orcamento_DOC .docx 27/07/2022 |BIANCA BEATRIZ Aceito
15:08:20 |TORRES DE ASSIS
Cronograma Cronograma.docx 27/07/2022 |BIANCA BEATRIZ Aceito
15:05:16 | TORRES DE ASSIS
TCLE/Termos de |TCLE.doc 27/07/2022 |BIANCA BEATRIZ Aceito
Assentimento / 15:04:13 |TORRES DE ASSIS
Justificativa de
Auséncia
Projeto Detalhado/ |PROJETO_DOC_BIANCA_BEATRIZ_.d| 27/07/2022 |BIANCA BEATRIZ Aceito
Brochura ocx 14:57:47 |TORRES DE ASSIS
Investigador

Situagdo do Parecer:
Aprovado

Necessita Apreciagao da CONEP:

Nao

JOAO PESSOA, 24 de Abril de 2024

Assinado por:

Eliane Marques Duarte de Sousa

(Coordenador(a))
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DOCUMENTO DE CONFIRMACAO DE ACEITE DO CAPIiTULO DE LIVRO

Publishing Agreement SPRINGER NATURE

for Contributions in Collected Works

This Publishing Agreement (this “Agreement”) has been approved by and entered into between:

Bianca Beatriz Torres de Assis1, Marcos dos Santos Lima2, Jaqueline de Aratjo Bezerra3, Tatiana
Colombo Pimentel4, Marciane Magnanil*

1Laboratory of Microbial Processes in Foods, Department of Food Engineering, Center of
Technology, Federal University of Paraiba, Campus |, 58051-900 Jodo Pessoa, Paraiba, Brazil
2Department of Food Technology, Federal Institute of Sertdo Pernambucano, Petrolina,
Pernambuco, Brazil

3Federal Institute of Education, Science and Technology of Amazonas (IFAM), Manaus, Amazonas,
Brazil

4Federal Institute of Education Science and Technology of Parana (IFPR), Paranavai, Parana, Brazil
(the “Author”)

whereas, in the event that the Author is more than one person, Marciane Magnani serves as corresponding
author

(the “Corresponding Author”)

on the one part and

Springer Science+Business Media, LLC
1 New York Plaza, New York, NY 10004, U.S.A.

(the “Publisher”)

on the other part;
together hereinafter referred to as the “Parties”.

The Publisher intends to publish the Author’s contribution in a collected work provisionally entitled:

Bioaccessibility of Compounds in Foods and Byproducts

(the "Work")
edited by: Marciane Magnani and Tatiana Colombo Pimentel
(the “Editor”)

The Publisher intends to publish the Work under the imprint Springer.

The Work may be published in the book series Methods and Protocols in Food Science.

1. Contracting Authors

When the Author is more than one person then, unless otherwise indicated in this Agreement or agreed
in writing by the Publisher:

(a) the expression “Author” as used in this Agreement will apply collectively for all such persons (each a
"co-author");

(b) the Corresponding Author hereby warrants and represents that all co-authors of the contribution
have expressly agreed that the Corresponding Author has full right, power and authority to sign this
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Agreement on their behalf, that the Corresponding Author is entitled to act on their behalf, and that
they shall be bound by the Corresponding Author, with respect to all matters, responsibilities, notices
and communications related to this Agreement; the Corresponding Author shall obtain authorisations
and make them available to the Publisher on request; and

(c) each co-author is jointly and severally responsible for the Author’s obligations under this Agreement
which apply to each co-author individually and to the co-authors collectively and the Publisher shall not
be bound by any separate agreement or legal relationship as between the co-authors.

Subject of the Agreement

The Author will prepare a contribution provisionally entitled:

Bioaccessibility of phenolic compounds in fermented native fruit

The expression “Contribution” as used in this Agreement means the contribution as identified above,
and includes without limitation all related material delivered to the Publisher by or on behalf of the
Author whatever its media and form (including text, graphical elements, tables, videos and/or links) in
all versions and editions in whole or in part.

The Contribution may contain links (e.g. frames or in-line links) to media enhancements (e.g. additional
documents, tables, diagrams, charts, graphics, illustrations, animations, pictures, videos and/or
software) or to social or functional enhancements, complementing the Contribution, which are
provided on the Author’s own website or on a third party website or repository (e.g. maintained by an
institution) subject always to the Author providing to the Editor, at the latest at the delivery date of the
manuscript for the Contribution, an accurate description of each media enhancement and its respective
website or repository, including its/their owner, nature and the URL. The Publisher is entitled to reject
the inclusion of, or suspend, or delete links to all or any individual media enhancements.

In the event that an index is deemed necessary, the Author shall assist the Editor in its preparation (e.g.
by suggesting index terms), if requested by the Editor.

Rights Granted

The Author hereby grants to the Publisher the perpetual, sole and exclusive, worldwide, transferable,
sub-licensable and unlimited right to publish, produce, copy, distribute, communicate, display publicly,
sell, rent and/or otherwise make available the Contribution in any language, in any versions or editions
in any and all forms and/or media of expression (including without limitation in connection with any
and all end-user devices), whether now known or developed in the future, in each case with the right to
grant further time-limited or permanent rights. The above rights are granted in relation to the
Contribution as a whole or any part and with or in relation to any other works.

Without limitation, the above grant includes: (a) the right to edit, alter, adapt, adjust and prepare
derivative works; (b) all advertising and marketing rights including without limitation in relation to
social media; (c) rights for any training, educational and/or instructional purposes; and (d) the right to
add and/or remove links or combinations with other media/works.

The Author hereby grants to the Publisher the right to create, use and/or license and/or sub-license
content data or metadata of any kind in relation to the Contribution or parts thereof (including
abstracts and summaries) without restriction.

The Publisher also has the right to commission completion of the Contribution in accordance with the
Clause "Author’s Responsibilities — Delivery and Acceptance of the Manuscript" and of an updated
version of the Contribution for new editions of the Work in accordance with the Clause "New Editions".

The copyright in the Contribution shall be vested in the name of the Author. The Author has asserted
their right(s) to be identified as the originator of the Contribution in all editions and versions, published
in all forms and media. The Author agrees that all editing, alterations or amendments to the
Contribution made by or on behalf of the Publisher or its licensees for the purpose of fulfilling this
Agreement or as otherwise allowed by the above rights shall not require the approval of the Author and
will not infringe the Author's "moral rights" (or any equivalent rights). This includes changes made in
the course of dealing with retractions or other legal issues.

Self-Archiving and Reuse

Self-Archiving: The Publisher permits the Rights Holder to archive the Contribution in accordance with

Page 2 of 10



4.2

5.2

53

217

the Publisher's guidelines, the current version of which is set out in the Appendix "Author's Self-
Archiving Guidelines".

Reuse: The Publisher permits the Author to copy, distribute or otherwise reuse the Contribution,
without the requirement to seek specific prior written permission from the Publisher, in accordance
with the Publisher's guidelines, the current version of which is set out in the Appendix "Author's Reuse
Rights".

The Publisher’s Responsibilities

Subject always to the other provisions of this Clause below, the Publisher will undertake the production,
publication and distribution of the Contribution and the Work in print and/or electronic form at its own
expense and risk within a reasonable time after acceptance of the Work unless the Publisher is
prevented from or delayed in doing so due to any circumstances beyond its reasonable control. The
Publisher shall have the entire control of such production, publication and distribution determined in its
sole discretion in relation to any and all editions and versions of the Contribution and the Work,
including in respect of all the following matters:

(a) distribution channels, including determination of markets;

(b) determination of the range and functions of electronic formats and/or the number of print copies
produced;

(c) publication and distribution of the Contribution, the Work, or parts thereof as individual content
elements, in accordance with market demand or other factors;

(d) determination of layout and style as well as the standards for production;

(e) setting or altering the list price, and allowing for deviations from the list price (if permitted under
applicable jurisdiction);

(f) promotion and marketing as the Publisher considers most appropriate.

All rights, title and interest, including all intellectual property or related rights in the typography, design
and/or look-and-feel of the Contribution shall remain the exclusive property of and are reserved to the
Publisher. All illustrations and any other material or tangible or intangible property prepared at the
expense of the Publisher including any marketing materials remain, as between the Parties, the
exclusive property of the Publisher. The provisions of this subclause shall continue to apply
notwithstanding any termination of, and/or any reversion of rights in the Contribution to the Author,
under this Agreement.

Without prejudice to the Publisher's termination and other rights hereunder including under the Clause
"The Author's Responsibilities", it is agreed and acknowledged by the Parties that nothing in this
Agreement shall constitute an undertaking on the part of the Publisher to publish the Contribution
unless and until: (i) any and all issues in relation to the Work (including all necessary revisions, consents
and permissions) raised by the Publisher have been resolved to the Publisher’s satisfaction, and (ii) the
Publisher has given written notice of acceptance in writing of the final manuscript of the entire Work to
the Editor. If following (i) and (ii) above the Publisher has not published the Contribution in any form
within a reasonable period and the Author has given written notice to the Publisher requiring it to
publish within a further reasonable period and the Publisher has failed to publish in any form, then the
Author may terminate this Agreement by one month's written notice to the Publisher and all rights
granted by the Author to the Publisher under this Agreement shall revert to the Author (subject to the
provisions regarding any third party rights under any subsisting licence or sub-licence in accordance
with the Clause "Termination").

The Author may also give such written notice requiring publication on the same terms as above if the
Publisher has published the Contribution but subsequently ceases publishing the Contribution in all
forms so that it is no longer available.

This shall be the Author's sole right and remedy in relation to such non-publication and is subject always
to the Author's continuing obligations hereunder including the Clause "Warranty".

The Author's Responsibilities
Delivery and Acceptance of the Manuscript

6.1.1 The Author shall deliver the Contribution to the Editor (or, if requested by the Publisher, to the
Publisher) on or before Delivery Date (the “Delivery Date”) electronically in the Publisher's
standard requested format or in such other form as may be agreed in writing with the Publisher.
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The Author shall retain a duplicate copy of the Contribution. The Contribution shall be in a form
acceptable to the Publisher (acting reasonably) and in line with the instructions contained in the
Publisher’s guidelines as provided to the Author by the Publisher. The Author shall provide at the
same time, or earlier if the Publisher reasonably requests, any editorial, publicity or other
information (and in such form or format) reasonably required by the Publisher. The Publisher
may exercise such additional quality control of the manuscript as it may decide at its sole
discretion including through the use of plagiarism checking systems and/or peer review by
internal or external reviewers of its choice. If the Publisher decides at its sole discretion that the
final manuscript does not conform in quality, content, structure, level or form to the stated
requirements of the Publisher, the Publisher shall be entitled to terminate this Agreementin
accordance with the provisions of this Clause.

6.1.2 The Author must inform the Publisher at the latest on the Delivery Date if the sequence of the
naming of any co-authors entering into this Agreement shall be changed. If there are any
changes in the authorship (e.g. a co-author joining or leaving), then the Publisher must be
notified by the Author in writing immediately and the Parties will amend this Agreement
accordingly. The Publisher shall have no obligation to consider publication under this Agreement
in the absence of such agreed amendment.

6.1.3 If the Author fails to deliver the Contribution in accordance with the provisions of this Clause
above by the Delivery Date (or within any extension period given by the Publisher at its sole
discretion) or if the Author (or any co-author) dies or becomes incapacitated or otherwise
incapable of performing the Author’s obligations under this Agreement, the Publisher shall be
entitled to either:

(a) elect to continue to perform this Agreement in accordance with its terms and the Publisher
may commission an appropriate and competent person (who, in the case of co-authors having
entered into this Agreement, may be a co-author) to complete the Contribution; or

(b) terminate this Agreement with immediate effect by written notice to the Author or the
Author's successors, in which case all rights granted by the Author to the Publisher under this
Agreement shall revert to the Author/Author's successors (subject to the provisions of the
Clause "Termination").

6.1.4 The Author agrees, at the request of the Publisher, to execute all documents and do all things
reasonably required by the Publisher in order to confer to the Publisher all rights intended to be
granted under this Agreement.

6.1.5 The Author warrants that the Contribution is original except for any excerpts from other works
including pre-published illustrations, tables, animations, text quotations, photographs, diagrams,
graphs or maps, and whether reproduced from print or electronic or other sources ("Third Party
Material") and that any such Third Party Material is in the public domain (or otherwise
unprotected by copyright/other rights) or has been included with written permission from or on
behalf of the rights holder (and if requested in a form prescribed or approved by the Publisher)
at the Author's expense unless otherwise agreed in writing, or is otherwise used in accordance
with applicable law. On request from the Publisher, the Author shall in writing indicate the
precise sources of these excerpts and their location in the manuscript. The Author shall also
retain the written permissions and make them available to the Publisher on request.

6.2  Approval for Publishing

6.2.1 The Author shall proofread the page proofs for the Contribution provided by or on behalf of the
Publisher, including checking the illustrations as well as any media, social or functional
enhancements and give approval for publishing, if and when requested by the Publisher. The
Author’s approval for publishing is deemed to have been given if the Author does not respond
within a reasonable period of time (as determined by the Publisher) after receiving the proofs
nor contacts the Publisher within three days after receipt of the last of three reminders sent by
the Publisher via email. The Publisher shall not be required to send a second set of corrected
proofs unless specifically requested by the Author in writing but in any event no further
amendments may be made or requested by the Author.

In the event of co-authors having entered into this Agreement the Publisher shall send the page
proofs to the Corresponding Author only and all persons entering into this Agreement as Author
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agree that the Corresponding Author shall correct and approve the page proofs on their behalf.

6.2.2 If the Author makes changes other than correcting typographical errors, the Author shall bear all
the Publisher's costs of such alterations to proofs including without limitation to alterations to
pictorial illustrations. The Publisher shall have the right to charge and invoice these costs plus
value added or similar taxes (if applicable) through its affiliated company Springer Nature
Customer Service Center GmbH or Springer Nature Customer Service Center LLC, respectively, to
the Author, payable within 14 days of receipt of the invoice.

Cooperation

Without prejudice to the warranties and representations given by the Author in this Agreement, the
Author shall cooperate fully with the Editor and the Publisher in relation to any legal action that might
arise from the publication or intended publication of the Contribution and the Author shall give the
Publisher access at reasonable times to any relevant accounts, documents and records within the
power or control of the Author.

Warranty

The Author warrants and represents that:

(a) the Author has full right, power and authority to enter into and perform its obligations under this
Agreement; and

(b) the Author is the sole legal owner of (and/or has been fully authorised by any additional rights
owner to grant) the rights licensed in the Clause "Rights Granted" and use of the Contribution shall in
no way whatever infringe or violate any intellectual property or related rights (including any copyright,
database right, moral right or trademark right) or any other right or interest of any third party subject
only to the provisions in the Clause "The Author's Responsibilities" regarding Third Party Material (as
defined above); and

(c) the Contribution shall not contain anything that may cause religious or racial hatred or encourage
terrorism or unlawful acts or be defamatory (or contain malicious falsehoods), or be otherwise
actionable, including, but not limited to, any action related to any injury resulting from the use of any
practice or formula disclosed in the Contribution and all of the purported facts contained in the
Contribution are according to the current body of research and understanding true and accurate; and
(d) there is no obligation of confidentiality owed in respect of any contents of the Contribution to any
third party and the Contribution shall not contain anything which infringes or violates any trade secret,
right of privacy or publicity or any other personal or human right or the processing or publication of
which could breach applicable data protection law and that informed consent to publish has been
obtained for all research or other featured participants; and

(e) the Contribution has not been previously licensed, published or exploited and use of the
Contribution shall not infringe or violate any contract, express or implied, to which the Author, or any
co-author, who had entered into this Agreement,is a party and any academic institution, employer or
other body in which work recorded in the Contribution was created or carried out has authorised and
approved such work and its publication.

The Author warrants and represents that the Author, and each co-author who has entered into this
Agreement, shall at all times comply in full with:

(a) all applicable anti-bribery and corruption laws; and

(b) all applicable data protection and electronic privacy and marketing laws and regulations; and

(c) the Publisher's ethic rules (available at https://www.springernature.com/gp/authors/book-authors-
code-of-conduct), as may be updated by the Publisher at any time in its sole discretion. The Publisher
shall notify the Author in the event of material changes by email or other written means

(the "Applicable Laws").

If the Author is in material breach of any of the Applicable Laws or otherwise in material breach of
accepted ethical standards in research and scholarship, or becomes the subject of any comprehensive
or selective sanctions issued in any applicable jurisdiction (e.g. being subject to the OFAC sanctions list)
or if, in the opinion of the Publisher, at any time any act, allegation or conduct of or about the Author
prejudices the production or successful exploitation of the Contribution and the Work or brings the
name and/or reputation of the Publisher or the Work into disrepute, or is likely to do so, then the
Publisher may terminate this Agreement in accordance with the Clause "Termination".
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The Publisher reserves the right to amend and/or require the Author to amend the Contribution at any
time to remove any actual or potential breach of the above warranties and representations or
otherwise unlawful part(s) which the Publisher or its internal or external legal advisers identify at any
time. Any such amendment or removal shall not affect the warranties and representations given by the
Author in this Agreement.

Author’s Discount and Electronic Access

The Author, or each co-author, is entitled to purchase for their personal use the Work and other books
published by the Publisher at a discount of 40% off the list price, for as long as there is a contractual
arrangement between the Author and the Publisher and subject to any applicable book price law or
regulation. The copies must be ordered from the affiliated entity of the Publisher (Springer Nature
Customer Service Center GmbH or Springer Nature Customer Service Center LLC, respectively). Resale
of such copies is not permitted.

The Publisher shall provide the electronic final published version of the Work to the Author, provided
that the Author has included their e-mail address in the manuscript of the Contribution.

Consideration

The Parties agree that the Publisher’s agreement to its contractual obligations in this Agreement in
respect of its efforts in considering publishing and promoting the Contribution and the Work is good
and valuable consideration for the rights granted and obligations undertaken by the Author under this
Agreement, the receipt, validity and sufficiency of which is hereby acknowledged by the Author.

The Parties expressly agree that no royalty, remuneration, licence fee, costs or other moneys
whatsoever shall be payable to the Author.

The Publisher and the Author each have the right to authorise collective management organisations
(“CMOs”) of their choice to manage some of their rights. Reprographic and other collectively managed
rights in the Contribution (“Collective Rights”) have been or may be licensed on a non-exclusive basis by
each of the Publisher and the Author to their respective CMOs to administer the Collective Rights under
their reprographic and other collective licensing schemes (“Collective Licences”). Notwithstanding the
other provisions of this Clause, the Publisher and the Author shall each receive and retain their share of
revenue from use of the Contribution under Collective Licences from, and in accordance with, the
distribution terms of their respective CMOs. To the fullest extent permitted by law, any such revenue is
the sole property of the Publisher and the Author respectively and, if applicable, the registration and
taxation of that revenue is the sole responsibility of the respective recipient party. The Publisher and
the Author shall cooperate as necessary in the event of any change to the licensing arrangements set
out in this Clause.

New Editions

The Publisher has the sole right to determine whether to publish any subsequent edition of the Work
containing an updated version of the Contribution, but only after reasonable consultation with the
Author. Once notified by the Publisher that an update of the Contribution is deemed necessary, the
Author agrees to deliver an updated manuscript in accordance with the terms of the Clause "The
Author's Responsibilities” and the other relevant provisions of this Agreement, together with the
material for any new illustrations and any other supporting content including media enhancements,
within a reasonable period of time (as determined by the Publisher) after such notification. Substantial
changes in the nature or size of the Contribution require the written approval of the Publisher at its sole
discretion. The terms of this Agreement shall apply to any new edition of the Work that is published
under this "New Editions" Clause.

If the Author, for whatever reason, is unwilling, unable or fails (including as a result of death or
incapacity) to submit an updated manuscript that meets the terms of this Agreement within the above
stated period, then the Publisher is entitled to revise, update and publish the content of the existing
edition or to designate one or more individuals (which, where co-authors have entered into this
Agreement, may be one or more of the co-authors) to prepare this and any future editions provided
that the new editions shall not contain anything that is a derogatory use of the Author's work that
demonstrably damages the Author’s academic reputation. In such case, the Author shall not participate
in preparing any subsequent editions. The Author agrees that the Publisher shall be entitled but not
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obliged to continue to use the name of the Author on any new editions of the Work together with the
names of the person or persons who contributed to the new editions. Should the Author or the
Author's successors object to such continuing use then they must notify the Publisher in writing when
first contacted by the Publisher in connection with any new edition.

Termination

In addition to the specific rights of termination set out in the Clause "The Publisher's Responsibilities"
and the Clause "The Author's Responsibilities”, either Party shall be entitled to terminate this
Agreement forthwith by notice in writing to the other Party if the other Party commits a material
breach of the terms of the Agreement which cannot be remedied or, if such breach can be remedied,
fails to remedy such breach within 45 days of being given written notice to do so.

Termination of this Agreement, howsoever caused, shall not affect:

(a) any subsisting rights of any third party under any licence or sub-licence validly granted by the
Publisher prior to termination and the Publisher shall be entitled to retain its share of any sum payable
by any third party under any such licence or sub-licence;

(b) except where stated otherwise in this Agreement, any claim which either Party may have against the
other for damages or otherwise in respect of any rights or liabilities arising prior to the date of
termination;

(c) the Publisher’s right to continue to sell any copies of the Work which are in its power, possession or
control as at the date of expiry or termination of this Agreement for a period of six months on a non-
exclusive basis.

General Provisions

This Agreement, and the documents referred to within it, constitute the entire agreement between the
Parties with respect to the subject matter hereof and supersede any previous agreements, warranties,
representations, undertakings or understandings. Each Party acknowledges that it is not relying on, and
shall have no remedies in respect of, any undertakings, representations, warranties, promises or
assurances that are not set forth in this Agreement. Nothing in this Agreement shall exclude any liability
for or remedy in respect of fraud, including fraudulent misrepresentation. This Agreement may be
modified or amended only by agreement of the Parties in writing. For the purposes of modifying or
amending this Agreement, “in writing” requires either a written document signed by both the Parties or
an electronic confirmation by both the Parties with DocuSign or a similar e-signature solution. Any
notice of termination and/or reversion and, where applicable, any preceding notices (including any
requesting remediable action under the Clause "Termination") must be provided in writing and
delivered by post, courier or personal delivery addressed to the physical address of the relevant Party
as set out at the beginning of this Agreement or any replacement address notified to the other Party for
this purpose. All such notices shall become effective upon receipt by the other Party. Receipt is deemed
to have taken place five working days after the respective notice was sent by post or left at the address
by courier or personal delivery. If the Publisher is the terminating Party the notice need only be
provided to the address of the Corresponding Author. If the Author is the terminating Party a copy of
the notice must also be sent to the Publisher's Legal Department located at Heidelberger Platz 3, 14197
Berlin, Germany.

Nothing contained in this Agreement shall constitute or shall be construed as constituting a partnership,
joint venture or contract of employment between the Publisher and the Author. No Party may assign
this Agreement to third parties but the Publisher may assign this Agreement or the rights received
hereunder to its affiliated companies. In this Agreement, any words following the terms "include",

"including"”, "in particular”, "for example", "e.g." or any similar expression shall be construed as
illustrative and shall not limit the sense of the words preceding those terms.

If any difference shall arise between the Author and the Publisher concerning the meaning of this
Agreement or the rights and liabilities of the Parties, the Parties shall engage in good faith discussions
to attempt to seek a mutually satisfactory resolution of the dispute. This Agreement shall be governed
by, and shall be construed in accordance with, the laws of New York State. The courts of competent
jurisdiction in New York, N.Y. shall have the exclusive jurisdiction.

A person who is not a party to this Agreement (other than an affiliate of the Publisher) has no right to
enforce any terms or conditions of this Agreement. This Agreement shall be binding upon and inure to
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the benefit of the successors and assigns of the Publisher. If one or more provisions of this Agreement
are held to be unenforceable (in whole or in part) under applicable law, each such provision shall be
deemed excluded from this Agreement and the balance of the Agreement shall remain valid and
enforceable but shall be interpreted as if that provision were so excluded. If one or more provisions are
so excluded under this Clause then the Parties shall negotiate in good faith to agree an enforceable
replacement provision that, to the greatest extent possible under applicable law, achieves the Parties'
original commercial intention.

The Corresponding Author signs this Agreement on behalf of any and all co-authors.
Signature of Corresponding Author:
Documento assinado digitalmente

ub MARCIANE MAGNANI
g Data: 01/06/2025 15:21:32-0300

Verifique em hitps://validar.iti.gov.br

Marciane Magnani

Datel sovmsnansinaassEas

For internal use only:
Order Number: 89276294
GPU/PD/PS: 02/28/191
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Appendix “Author’s Self-Archiving Rights”

The Publisher acknowledges that the Author retains rights to archive the Contribution but only subject to and
in accordance with the following provisions:

2

Preprint:

A “Preprint” is defined as the Author’s version of the Contribution submitted to the Publisher but
before any peer review or any other editorial work by or on behalf of the Publisher has taken place.
The Author may make available the Preprint of the Contribution for personal and private reading
purposes only on any of:

(a) the Author's own personal, self-maintained website over which the Author has sole operational
control; and/or

(b) a legally compliant, non-commercial preprint server, such as but not limited to arXiv, bioRxiv and
RePEc; provided always that once the “Version of Record” (as defined below) of the Contribution has
been published by or on behalf of the Publisher, the Author shall immediately ensure that any Preprint
made available above shall contain a link to the Version of Record and the following acknowledgement:
“This is a preprint of the following chapter: [author of the chapter], [chapter title], published in [book
title], edited by [editor of the book], [year of publication], [publisher (as it appears on the cover of the
book)] reproduced with permission of [publisher (as it appears on the copyright page of the book)]. The
final authenticated version is available online at: http://dx.doi.org/[insert DOI]”.

Author’s Accepted Manuscript:

The “Author’s Accepted Manuscript” (“AAM”) is defined as the version of the Contribution following
any peer review and acceptance, but prior to copy-editing and typesetting, by or on behalf of the
Publisher.

The Author may make available the AAM of the Contribution on any of:

(a) the Author's own, personal, self-maintained website over which the Author has sole operational
control; and/or

(b) the Author's employer’s internal website or their academic institution or funder’s repository;
provided that in each case the respective part of the AAM is not made publicly available until after the
Embargo Period.

The "Embargo Period" is a period ending twenty-four (24) months from the first publication of the
“Version of Record” (as defined below) of the Contribution by or on behalf of the Publisher.

The Author must ensure that any part of the AAM made available contains the following:

“Users may only view, print, copy, download and text- and data-mine the content, for the purposes of
academic research. The content may not be (re-)published verbatim in whole or in part or used for
commercial purposes. Users must ensure that the author’s moral rights as well as any third parties”
rights to the content or parts of the content are not compromised.”

These terms shall also be applicable to the Author.

Once the Version of Record (as defined below) of the Contribution has been published by or on behalf
of the Publisher the Author shall immediately ensure that any part of the AAM made available shall
contain a link to the Version of Record and the following acknowledgement:

“This is an Author Accepted Manuscript version of the following chapter: [author of the chapter],
[chapter title], published in [book title], edited by [editor of the book], [year of publication], [publisher
(as it appears on the cover of the book)] reproduced with permission of [publisher (as it appears on the
copyright page of the book)]. The final authenticated version is available online at:
http//dx.doi.org/[insert DOI]”.

Version of Record:

The “Version of Record” is defined as the final version of the Contribution as originally published, and
as may be subsequently amended following publication in a contractually compliant manner, by or on
behalf of the Publisher.

Any linking, collection or aggregation of self-archived Contributions from the same Work is strictly
prohibited.
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Appendix “Author’s Reuse Rights”

2

The Publisher acknowledges that the Author retains the ability to copy, distribute or otherwise reuse
the Contribution, without the requirement to seek specific prior written permission from the Publisher,
(“Reuse”) subject to and in accordance with the following provisions:

(a) Reuse of the Contribution or any part of it is permitted in a new edition of the Work or in a new
monograph or new textbook written by the same Author provided that in each case the new work is
published by the Publisher under a publishing agreement with the Publisher; and

(b) Reuse of the Version of Record (as defined below) of the Contribution or any part of it is permitted
in a thesis written by the same Author, and the Author is entitled to make a copy of the thesis
containing content of the Contribution available in a repository of the Author’s awarding academic
institution, or other repository required by the awarding institution; an acknowledgement should be
included in the citation: “Reproduced with permission from Springer Nature”; and

(c) any other Reuse of the Contribution in a new book, book chapter, proceedings or journal article,
whether published by the Publisher or by any third party, is limited to three figures (including tables) or
a single text extract of less than 400 words; and

(d) any further Reuse of the Contribution is permitted only to the extent and in so far as is reasonably
necessary: (i) to share the Contribution as a whole to no more than 10 research colleagues engaged by
the same institution or employer as the Author for each colleague's personal and private use only; (ii)
for classroom teaching use by the Author in their respective academic institution provided that the
Contribution or any part of it is not included in course packs for sale or wider distribution to any
students, institutions or other persons nor any other form of commercial or systematic exploitation; or
(i) for the Author to use all or parts of the Contribution in the further development of the Author's
scientific and/or academic career, for private use and research or within a strictly limited circulation
which does not allow the Contribution to become publicly accessible nor prejudice sales of, or the
exploitation of the Publisher's rights in, the Contribution (e.g. attaching a copy of the Contribution to a
job or grant application).

Any Reuse must be based on the Version of Record only, and the original source of publication must be
cited according to current citation standards. The "Version of Record" is defined as the final version of
the Contribution as originally published, and as may be subsequently amended following publication in
a contractually compliant manner, by or on behalf of the Publisher.

In each case where the Author has Reuse rights or the Publisher grants specific use rights to the Author
according to the above provisions, this shall be subject always to the Author obtaining at the Author's
sole responsibility, cost and expense the prior consent of any co-author(s) and/or any relevant third
party.

Any linking, collection or aggregation of reused Contributions from the same Work is strictly prohibited.
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