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RESUMO 

 
O presente trabalho visou desenvolver uma bebida fermentada de soja adicionada de resíduos de 
frutas e suplementada com cepas probióticas e avaliar o impacto desse produto sobre a 
composição e a atividade metabólica da microbiota intestinal humana, utilizando um modelo de 
simulação in vitro das condições intestinais (TIM-2). Para tanto, o presente trabalho foi dividido 
em três etapas. A etapa I foi baseada na obtenção, processamento e caracterização físico-química, 
microbiológica e funcional de subprodutos de frutas (acerola, laranja, manga e maracujá) e soja 
(okara), bem como da farinha de amaranto. Adicionalmente, a capacidade de utilização desses 
subprodutos vegetais e da farinha de amaranto por cepas probióticas e não probióticas foi 
avaliada. Os resultados mostraram que o subproduto de acerola apresentou o maior conteúdo de 
fibras alimentares totais (48,46 g/100 g) dentre os subprodutos testados, bem como a farinha de 
amaranto. Os subprodutos de laranja e maracujá foram os substratos que mais promoveram a 
multiplicação das populações bacterianas, incluindo das cepas de Escherichia coli e Clostridium 
perfringens. Por outro lado, o subproduto de acerola foi o substrato que apresentou a maior 
seletividade para bactérias benéficas. Ainda nessa etapa, dez cepas probióticas (sete lactobacilos 
e três bifidobacterias) e três cepas starter (Streptococcus thermophilus) foram testadas quanto à 
sua capacidade de desconjugação de sais biliares e atividade proteolítica frente às proteínas do 
leite e da soja. Os resultados revelaram que nenhuma cepa testada apresentou capacidade de 
proteólise das proteínas do leite e da soja. Adicionalmente, as cepas probióticas Lactobacillus 
acidophilus LA-5 e Bifidobacterium longum BB-46 desconjugaram a maior quantidade de ácidos 
biliares testados e as cepas de S. thermophilus testadas não apresentaram capacidade de 
desconjugação de sais biliares. Após a análise dos resultados da etapa I, o resíduo de acerola 
(ABP) e as cepas probióticas LA-5 e BB-46 foram selecionadas para dar continuidade à etapa II 
do estudo(desenvolvimento de uma bebida fermentada a base de soja). Para esse fim, foi utilizado 
um delineamento experimental do tipo fatorial 23, totalizando 8 ensaios com três repetições de 
cada, e foram avaliados os efeitos das cepas probióticas e do subproduto de acerola sobre as 
características físico-químicas, microbiológicas e sensoriais dessas bebidas fermentadas de soja. 
Paralelamente, foram realizadas análises da sobrevivência das cepas probióticas frente às 
condições gastrintestinais simuladas in vitro nas bebidas fermentadas de soja (FSB). Os resultados 
mostraram que a presença de BB-46 e ABP afetaram negativamente a aceitabilidade sensorial das 
FSB. O ABP também levou a diferenças significativas no perfil de textura das FSB (P<0,05). As 
populações das cepas probióticas nas diferentes formulações de FSB variaram de 7,0 a 8,2 log de 
UFC equivalente/mL durante os 28 dias de armazenamento (4 ºC) e a co-cultura (LA-5+BB-46) 
e o ABP não afetaram (P>0,05) a viabilidade de ambos os microrganismos. No entanto, ABP 
aumentou significativamente a sobrevivência de BB-46 frente às condições gastrintestinais 
sumuladas in vitro. Para a etapa III do presente estudo, um delineamento experimental fatorial 22 
foi realizado. Para a avaliação do impacto dessas FSB sobre a composição e atividade metabólica 
da microbiota intestinal de humanos eutróficos e obesos, foi utilizado um modelo in vitro TIM-2 
na Maastricht University (Venlo, Holanda), que simula as condições normais do lúmen do cólon 
proximal, com todos os parâmetros controlados por um computador. Amostras foram coletadas 
do TIM-2 para a quantificação dos microrganismos probióticos (LA-5 e BB-46), Lactobacillus 
spp., Bifidobacterium spp. e bactérias totais, utilizando o método de PCR quantitativo (qPCR), e 



 

 
 

o perfil da microbiota intestinal foi determinado utilizando Next-Generation Sequencing (NGS) 
Illumina Mysec. A concentração de ácidos graxos de cadeia curta e de cadeia ramificada e lactato 
produzidos pelas diferentes microbiotas durante a fermentação no TIM-2 também foi 
determinada. Os resultados mostraram que a microbiota de humanos eutróficos apresentou uma 
alta produção de acetato e lactato em comparação com a microbiota de obesos. Reduções 
significativas das populações de Bifidobacterium na microbiota de eutróficos foram observadas 
entre 0 e 48 h de ensaio para todas as refeições experimentais, exceto para a refeição que 
apresentou a combinação probiótica (LA-5 e BB-46) e a suplementação com ABP, que apresentou 
aumento de Bifidobacterium e Lactobacillus totais durante todo o período de análise para ambas 
as microbiotas testadas. As FSB suplementadas com ABP apresentaram os melhores resultados 
em relação à modulação da microbiota de humanos obesos, com o aumento Bifidobacterium spp. 
e Lactobacillus spp. Adicionalmente, após 48 horas de intervenção no TIM-2, a microbiota de 
obesos foi aparentemente similar à microbiota de eutróficos, mostrando uma modulação benéfica 
dessa microbiota. Os resultados sugerem que as bebidas fermentadas de soja suplementadas com 
o subproduto de acerola e cepas probióticas podem apresentar efeitos benéficos à saúde. No 
entanto, estudos clínicos são necessários para complementar e confirmar os resultados observados 
nos ensaios in vitro. 
 

 
Palavras chave: Probioticos e prebioticos, sub-produto de frutas, microbiota intestinal, bebida 
fermentada de soja, acerola 
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ABSTRACT 

 
The present study aimed to develop a fermented soy beverage containing fruit by-products and 
probiotics and to evaluate the impact of this product on the composition and metabolic activity of 
the human intestinal microbiota using an in vitro simulation model of the intestinal conditions 
(TIM-2). Therefore, the present study was divided into three stages. Stage I was based on 
obtaining, processing and physical-chemical, microbiological and functional characterization of 
fruit by-products (acerola, orange, mango, and passion fruit) and soybean (okara), as well as 
amaranth flour. Additionally, the ability to use these vegetable by-products and amaranth flour 
by probiotic and non-probiotic strains was evaluated. The results showed that the acerola by-
product presented the highest dietary fibre content (48.46 g/100 g) among the by-products tested, 
as well as amaranth flour. Orange and passion fruit by-products were the substrates that most 
promoted the growth of bacterial populations, including strains of Escherichia coli and 
Clostridium perfringens. On the other hand, the acerola by-product was the substrate that showed 
the highest selectivity for beneficial bacteria. Also, in this stage, ten probiotic strains (seven 
lactobacilli and three bifidobacteria) and three starter strains (Streptococcus thermophilus) were 
tested for their ability to deconjugate bile salts and for proteolytic activity against milk and soy 
proteins. The results showed that none of the tested strain showed proteolytic ability against milk 
and soybean proteins. In addition, the probiotic strains Lactobacillus acidophilus LA-5 and 
Bifidobacterium longum BB-46 deconjugated more types of bile acids tested, and the strains of S. 
thermophilus tested showed no ability to deconjugate bile salts. Next, the acerola by-product 
(ABP) and the probiotic strains LA-5 and BB-46 were selected to continue stage II of the study 
(development of a fermented soy beverage). For this purpose, a 23 factorial design was used, in a 
total of 8 trials with three replicates of each one, and the effects of the probiotic strains and the 
acerola by-product on the physical-chemical, microbiological, and sensory characteristics of these 
fermented soy beverages were evaluated. At the same time, probiotic viability and survival under 
in vitro gastrointestinal (GI) simulated conditions were evaluated in fermented soy beverage 
(FSB). The results showed that the presence of BB-46 and ABP affected the sensory acceptability 
of FSB negatively. ABP also led to significant differences in the texture profile of the FSB 
(P<0.05). Populations of probiotic strains ranged from 7.0 to 8.2 log CFU equivalent/mL during 
28 days of refrigerated storage (4 ° C) of FBS, and the co-culture (LA-5+BB-46) and the ABP 
did not affect the viability of both microorganisms significantly (P> 0.05). However, ABP 
increased the survival of BB-46 under in vitro simulated GI conditions significantly. For stage 
III, a 22 experimental design was performed. To evaluate the impact of these FBS on the 
composition and metabolic activity of the intestinal microbiota of lean and obese humans, a 
validated in vitro model called TIM-2 was used, available at the Maastricht University (Venlo, 
The Netherlands), which simulates normal conditions of the lumen of the proximal colon, with 
all parameters controlled by a computer. Samples were collected from TIM-2 to quantify probiotic 
microorganisms (LA-5 and BB-46), Lactobacillus spp., Bifidobacterium spp., and total bacteria, 
using the quantitative PCR method (qPCR) and the intestinal microbiota profile was determined 
using an Illumina Mysec Next Generation Sequencing (NGS) method. Concentrations of short-
chain fatty acids and branched-chain fatty acids and lactate produced by the different microbiotas 
during fermentation in TIM-2 were also determined. The results showed that the lean microbiota 
presented the high production of acetate and lactate than the microbiota of obese individuals. 



 

 
 

Significant reductions in Bifidobacterium populations in the lean microbiota were observed at 0 
and 48 h of an assay for all experimental meals, except for the meal that had the probiotic 
combination (LA-5 and BB-46) and the ABP supplementation, which showed an increased total 
Bifidobacterium and Lactobacillus populations throughout the experimental period for both 
microbiotas tested. The FSB supplemented with ABP presented the best characteristics regarding 
the modulation of the obese microbiota, with an increase in Bifidobacterium spp. and 
Lactobacillus spp. Additionally, after 48 hours of intervention in TIM-2, the obese microbiota 
was apparently similar to the lean microbiota, showing a beneficial modulation of this microbiota. 
The results suggest that the fermented soy beverage supplemented with the acerola by-product 
and the probiotic strains may present beneficial health effects. However, clinical studies are 
required to complement and confirm the results observed in the in vitro assays. 

 
 

Keywords: Probiotic and Prebiotic, fruit by-products, gut microbiota, fermented soy 
beverages, acerola 
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Chapter 1 

1. PROJECT JUSTIFICATION 

Currently, Brazil has become a major exporter of agricultural products, being one of 

the largest exporters of in nature and processed fruit and grains, with a surplus of USD 78.6 

billion in 2013 (OECD/FAO, 2015). The production and processing of vegetable products 

generate a large amount of waste and by-products (peels, seeds, leaves, stalks, and pulps), most 

of which are incinerated for the production of energy in the industries and used in composting 

as feed or discarded indiscriminately in the environment. Nonetheless, these by-products can 

be rich in bioactive compounds and, therefore, could be used for human nutrition purposes. 

However, these by-products are lost and discarded due to a lack of information and/or 

technologies that can take advantage of and add value to such wastes. 

Several studies have shown the nutritional and functional properties of various 

industrial by-products of fruits and other agricultural products, since these by-products may 

present, for example, a high concentration of dietary fibres (AJILA; LEELAVATHI; RAO, 

2008; AJILA et al, 2010; BENÍTEZ et al., 2012), phenolic compounds, antioxidants (AJILA; 

LEELAVATHI; RAO, 2008; BARROS; FERREIRA; GENOVESE, 2012; DUZZIONI et al., 

2013), vitamins, and minerals (VIUDA-MARTOS et al., 2009; DUZZIONI et al., 2013). 

In addition to the development of new technologies for the use of vegetable by-

products in human nutrition, the best alternatives for the administration and inclusion of these 

residues in the diet should be evaluated. An alternative for the application of these by-products 

is their incorporation in a fermented soy product. 

Soybean is the food that offers the greatest possibilities for the development of 

functional products in Brazil, due to its great production in the country, its nutritional and 

functional value with several beneficial health effects related to its consumption, such as 

reduction of serum cholesterol, reducing the risk of developing cancer and osteoporosis, among 

other health effects. 

The combination of the functional properties of the fruit by-products and the water-

soluble soy extract with the presence of probiotic microorganisms and prebiotic ingredients 

results in a fermented multifunctional soy product with great potential for modulation and 

modification of the human intestinal microbiota. In addition to the functional potential 

generated by the use of by-products of fruit processing, it is important to mention that the 

present project has a sustainable appeal, since the use of these by-products adds value to a 

product that would be discarded by the industry, with significant damages to the environment. 

In this sense, the incorporation of fruit by-product could also represent a promising alternative 

to confer technological, sensorial and functional characteristics to fermented soy products. 
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2. FRUIT AND VEGETABLE BY-PRODUCTS AND THEIR APPLICATION IN 

PROBIOTIC FOOD PRODUCTS 

2.1. Brazilian agriculture, industrialization, and sustainability 

In the 1970’s, Brazil was dependent on imports of several basic foodstuffs, which has 

been changing in the last four decades, with outstanding performance in the innovation and 

production agriculture. Currently, the agriculture sector plays an important role in supporting 

Brazil’s economic performance. In the last years, the increase in the area of fruit-growing, 

accounts for 13% of the value of national agriculture production, contributing approximately 

US$ 12.2 billion in the formation of the national Gross Domestic Product (GDP). Additionally, 

in 2010, the average productivity of grain crops achieved 3,173 kilos per hectare, representing 

a jump of 774% in the production (OECD/FAO, 2015; LOPES & CONTINI, 2012). 

Nonetheless, the success of Brazil’s agribusiness has been correlated with widespread 

destruction of natural resources and Brazilian ecosystems (MARTINELLI et al., 2010).  

Brazil, like no other country in the world, has the potential to improve economic and 

sustainability of the new bio-industry. Changes in the Brazilian vision about agricultural policy 

have sought to develop sustainable alternatives for the country's agricultural development. 

Several credit programmes for the family farm segment with an environmental focus have been 

develop in the last years. The agriculture of the future should be marked by concepts, 

multifunctional methods and applications, far beyond the conventional agriculture, dedicated 

to food, fibres, and energy production (OECD/FAO, 2015; LOPES & CONTINI, 2012). 

Due to the changes of the socioeconomic situation in Brazil, the sales of fruits and 

vegetables with some degree of processing, associated with the improvement of the products’ 

quality offered and their growing presence in the networks of distribution, has increased the 

consumption of processed fruits and vegetables compared to the fresh fruit and vegetables 

consumption (AGROCLUSTER RIBATEJO, 2015). Worldwide, the fruit processing industries 

generate more than 0.5 billion tonnes of by-products and waste (BANERJEE et al., 2017) with 

great potential utilization after their processing. Vegetables by-products can be considered an 

abundant source of bioactive compounds, such as dietary fibre, phenolic compound, 

antioxidants, polyunsaturated fatty acids, vitamins, and minerals. In this context, industrial 

ecology concepts as biomimetic approach to the design of products (cradle to cradle) and 

circular economy are considered main principles for ecology innovation, pointing at “zero 

waste”, in which residue are used as raw material and ingredients to be employed in new 

products and processes (GALANAKIS, 2013; KOWALSKA et al., 2017; MIRABELLA; 

CASTELLANI; SALA, 2014). 
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2.2. Fruit and vegetables by-products as sources of bioactive compounds and 

ingredients 

Several studies have reported the versatility in the use of various fruit, vegetable, and 

cereal by-products in the development of foods with functional appeal and/or potential health 

benefits and well-being. As previously described, these by-products are rich in bioactive 

compounds which may be used for various purposes. The bioactive compounds contained in 

the matrix of such by-products may be higher than those found in the juice or pulp. Studies 

have shown that the peel and seeds of certain fruits may have a higher antioxidant activity than 

the pulp (DUZZIONI et al., 2013) and a large amount of dietary fibre in its soluble and insoluble 

forms (O’SHEA; ARENDT; GALLAGHER, 2012). 

Considering the technological and microbiological attributes of vegetable by-products 

in meat products, FERNÁNDEZ-GINÉS et al. (2003) reported an improvement of nutritional 

characteristics of Bolongna sausage to which citrus fibre was added, with decreased levels of 

residual nitrite, as well as a delay in the oxidation process. A study conducted by SAYA-

BARBERÉ et al. (2012) demonstrated that the addition of orange fibre and Lactobacillus casei 

CECT 475 in “Longaniza de Pascua” accelerated the pH decrease, reduced the counts of 

enterobacteria and residual nitrite compared to the other sausages. Additionally, the authors 

reported that sausage with orange fibre and L. casei strains presented the best sensory scores. 

In a study of the antifungal activity of polyphenols from olive mill wastewater, CHAVEZ-

LÓPEZ et al. (2015) showed a microbiological protection effect, with the reduction or 

elimination of undesired fungi growth on the surface of dry fermented sausages, without 

changes in sensory characteristics. 

Fruit and vegetables industrial by-products are a promising vehicle for the nutrients of 

bakery and pasta products and may improve their health and technological properties 

(MARTINS; PINHO; FERREIRA, 2017). AJILA et al. (2010) noted that the addition of mango 

peel powder in macaroni increased the polyphenol, carotenoid, and dietary fibre contents 

without changing the nutritional quality. Moreover, the authors reported that the resulting 

product presented a good sensorial acceptability. ESHAK (2016) described that partial 

replacement of wheat flour by banana peel flour increased up to 2% the protein and dietary fibre 

contents of bread, which showed the higher content of minerals like K, Na, Ca, Fe, Mg, and Zn, 

besides presenting a good sensorial acceptability. AJILA, LEELAVATHI, and RAO (2008) 

reported that the incorporation of 20% of mango peel flour in biscuits increased from 6.5 to 

20.7% the dietary fibre content with a high proportion of soluble dietary fibre and there was an 

improvement of polyphenols levels from 0.54 to 4.5 mg/g of biscuit with mango peel flour. In 
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a study employing potato peel powder, BEN JEDDOU et al. (2017) demonstrated that potato 

peel powder improved the nutritional and the technological stability of cakes, with a reduction 

in hardness, an improved appearance of cakes, as well as an increased acceptability by the 

consumer panel. 

The health benefits related to a decreased risk of cardiovascular disease have been 

attributed to the consumption of bread with grape by-product by MILDNER-SZKUDLARZ 

and BAJERSKA (2013). These researchers described a reduction of the negative impact of a 

high-cholesterol/cholic acid diet, lowering of serum total cholesterol and LDL-cholesterol, lipid 

peroxidation, glucose and leptin levels in rats that consumed bread supplemented with extract 

of grape peel and grape peel dried powder, which was rich in dietary fibre and antioxidants 

polyphenols. 

Besides the bakery and meat products, fruit and vegetable by-products have been 

employed in dairy and vegetable "milk-like" products. Supplementation of yoghurts with apple, 

banana, and passion-fruit by-products increased the probiotic viability and fatty acid profiles 

with enhanced the conjugated linoleic acid (CLA) contents, as shown by ESPÍRITO SANTO 

et al. (2012). SENDRA et al. (2008) observed that the supplementation with citrus fibre 

enhanced the viability and survival of probiotic bacteria in fermented milk. Using olive and 

grape pomace phenolic extract in order to obtain a probiotic yoghurt fortified with natural 

antioxidants, therefore presenting a high biological value, ALIAKBARIAN et al. (2015) 

reported no interference of phenolic extracts in the yoghurts production and that a high content 

of phenolic compounds was maintained since, after 7 days of storage, the concentration of 

phenolic compounds in yoghurts was similar to that found in a spoon of olive oil. BEDANI et 

al. (2015) observed a reduction of LDL-cholesterol and LDL-cholesterol/HDL-cholesterol ratio 

in normocholesterolemic men that consumed a synbiotic fermented soy product with inulin and 

okara (soy by-product) for 8 weeks. In order to evaluate the effect of fruit and soybean by-

product and amaranth flour on folate production by starter and probiotic strains, 

ALBUQUERQUE et al. (2016) observed that orange by-product was the substrate that 

presented the best production of folate by the tested probiotic and starter strains, while the 

presence of a higher initial content of folate in okara inhibited the production of folate. 

Moreover, the authors verified that folate production is not only strain-dependent but also 

influenced by the incorporation of different substrates in the growth media. In a more recent 

study, ALBUQUERQUE et al. (2017) described that the supplementation of fermented soymilk 

with passion-fruit by-product powder and fructo-oligossacharide (FOS) increased the 
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production of folate by Streptococcus thermophilus strains alone or in co-culture with 

lactobacilli strains.  

 

2.3. Health benefits of functional probiotic, prebiotic, and synbiotic foods 

The health and nutrition paradigms have changed significantly. In the last years, foods 

are not seen as only vehicles of nutrients for the growth and good development of the body, but 

also as a new way to optimize the health and well-being (AMERICAN DIETETIC 

ASSOCIATION, 2009). Advances in the gut microbiota studies are the main reasons for the 

growth of the functional food area since the gut microbiota is intimately related to human health 

and disease (MITSUOKA, 2014). Functional foods may be bioactive compounds present in 

natural food (e.g. essential fatty acids n-3 and n-6, vitamins, phenolic compounds, and other 

natural food bioactive compounds) or may contain one or more specific components (e.g. 

probiotic, prebiotic, synbiotic, bioactive peptides, dietary fibre, and other compound), which 

have beneficial influence on the host's health and well-being. It is important to emphasize that 

functional food does not necessarily induce a health benefit in all individuals of the population, 

since various factors such as environment, dietary habits, as well as genetic, biological, and 

metabolic factors are involved in the success or failure of a functional food health effect (TUR 

& BIBILONI, 2016). 

Probiotic food products may be regarded as functional foods because they confer more 

health benefits than traditional foods do. The demand for functional probiotic food is 

progressively increasing as the consumers have become more aware of the impact of food on 

health. At the moment, probiotics are emerging as a promising category of food supplement 

worldwide (BEGUM et al., 2017). Probiotic are defined as “live microorganisms that, when 

administrated in adequate amounts, confer a health benefit on the host” (HILL et al., 2014). 

Strains belonging mainly to the genera Lactobacillus and Bifidobacterium are the ones most 

explored as probiotics by the food industry (SÁNCHEZ et al., 2013). Some probiotic strains 

belong to the bacteria genera Leuconostoc, Pediococcus, Enterococcus, Streptococcus, 

Bacillus, and Escherichia, as well as yeasts belonging to the genera Saccharomyces 

(MARTINEZ; BEDANI; SAAD 2015; SÁNCHEZ et al., 2013; TAMANG et al., 2016).  

Some of the health benefits attributed to the consumption of probiotics should be 

highlighted as follows: the improvement in the lactose intolerance symptoms; the control in the 

inflammatory bowel disease and irritable bowel syndrome (IBS) symptoms; beneficial changes 

in the composition and metabolic activity of the gut microbiota, with the colonization and 

inhibition of endogenous and exogenous pathogens; reducing the risk of colorectal cancer with 
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the production of anti-carcinogenic compounds, inhibition of cell proliferation, and induction 

of apoptosis in cancer cells; decreases in serum cholesterol levels and reducing the risk of 

cardiovascular diseases; improvement of the innate immunity; decrease in food allergy in 

infants; treatment and prevention of intestinal, respiratory tract and female urogenital 

infections; treatment of Helicobacter pylori gastric infection; reduction in the number of 

cariogenic streptococci in saliva and dental plaque; reduction of gingivitis and oral candidiasis 

infection, among others (BEGUM et al., 2017; MARTINEZ; BEDANI; SAAD, 2015; REIS et 

al., 2017). Nonetheless, the development of functional food products with appropriate probiotic 

dose at the time of consumption is a limiting factor, since several variables may affect the 

probiotic viability and survival during the food processing and storage (TRIPATHI; GIRI, 

2014). In addition, the probiotic dose-response is influenced by several factors, including health 

endpoint, probiotic strain, delivery matrix, and administration form. These variables make it 

difficult to generalize one optimal concentration to obtain a probiotic effect (OUWEHAND, 

2017). Therefore, maintenance of the viability of probiotic bacteria in the food matrix has been 

a prerequisite for ensuring its effect on the host health (ZACARIAS et al., 2011). SOHN and 

UNDERWOOD (2017) pointed out that innovative methods of probiotic delivery should be 

explored since nowadays probiotic products are limited to the microorganism's resistance to the 

gastrointestinal stress.  

Strategies as the use of prebiotic ingredients may improve the survival and activity of 

probiotic strains during food storage, as well as during the transit through the gastrointestinal 

tract (GIT) (DONKOR et al., 2007). As happened with the probiotic definition, the ISAPP 

(International Scientific Association for Probiotics and Prebiotics) reviewed the definition and 

scope of prebiotic compounds. Nowadays, the definition of prebiotics which previously covered 

only non-digested carbohydrates selectively fermented by beneficial microbes conferring a 

health benefit to the host (GIBSON; ROBERFROID, 2008) was modified to "a substrate that 

is selectively utilized by host microorganisms conferring a health benefit" (GIBSON et al., 

2017). Currently, beyond some non-digested carbohydrates, the prebiotic definition 

contemplates other substance, as human milk oligosaccharides and polyunsaturated fatty acids, 

as well as phenolic and phytochemical compounds (GIBSON et al., 2017). The selective 

fermentation of prebiotic by beneficial bacteria and the production of some beneficial metabolic 

compounds as short-chain fatty acid (SCFA) is associated with improved satiety and weight 

loss, decrease in systemic inflammation, increase of the intestinal barrier function, and 

enhanced glucose and fat metabolism (O'CONNOR et al., 2017). Besides the microbiota 

modulation, studies have reported beneficial prebiotic health effects on stress, with the 
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reduction of stress-induced corticosterone release and modification of specific gene expression 

in the hippocampus and hypothalamus, thus exhibiting antidepressant and anxiolytic effects 

(BUROKAS et al., 2017). 

A synbiotic food must contain both probiotic microorganisms and prebiotic 

ingredients. Currently, the definition of synbiotic includes two approaches: complementarity 

and synergy. In the complementary approach, the probiotic strain is chosen based on the 

beneficial effects on the host, independently of the prebiotic chosen, to selectively increase the 

concentration of beneficial microorganisms already present in the gastrointestinal tract. In the 

synergistic approach, the prebiotic compound is chosen specifically to stimulate the 

multiplication and the activity of the probiotic selected for addition in the product, thus 

contributing for its survival in the GIT (SU; HENRIKSSON; MITCHELL, 2007; KOLIDA & 

GIBSON, 2011). Synergic effects were reported by KOJIMA et al. (2016) when five lactobacilli 

strains isolated from the oral cavity were combined with arabinose, xylose, and xylitol since 

Lactobacillus strains isolated from dairy products did not show a significant effect on the human 

oral microbiota. The authors demonstrated that synbiotic combinations inhibited the growth of 

oral pathogens, as well as had an inhibitory effect on the Streptococcus mutans production of 

insoluble glucan. To evaluate the effects of the consumption of a synbiotic food by diabetic 

patients, ASEMI et al. (2014), using randomized control trials, demonstrated that the 

consumption of a synbiotic food for 6 weeks resulted in a significant effect on various metabolic 

parameters, among them decreased serum insulin levels, high sensitivity C-reactive protein (hs-

CRP) levels, and total glutathione. Also, beneficial effects on insulin metabolism were verified 

by TAJADADI-EBRAHIMI et al. (2014) during 8 weeks of consumption of synbiotic bread by 

patients with type 2 diabetes mellitus. According to a systematic review published by 

FERNANDES et al. (2017), some studies in humans with overweight and/or obesity showed 

health beneficial effects from the consumption of prebiotic and synbiotic foods on inflammatory 

markers, with the reduction of hs-CRP, endotoxin, and interleukin-6 and/or tumor necrosis 

factor levels. 

 

2.4. Gut microbiota and its effects on health 

The human gastrointestinal tract hosts a complex set of microorganisms which form a 

specific microbiota to each person, including trillions of bacteria, archeas, virus, and some uni 

and/or multicellular eukaryotes. These microorganisms essentially cover the mucosal surface 

of the host and are collectively referred to as a microbiota (SEKIROV et al., 2010; SOMMER 

& BÄCKHED, 2013). The gut microbiota is diverse and dynamic in the first years of life, 
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playing an essential role in health and disease in later life. It tends to stabilize in childhood, 

having a great influence on the development of the digestive tract, immune system, and 

metabolic pathways (COLLADO et al., 2016; TANAKA & NAKAYAMA, 2017; MULLER et 

al., 2015; BACKHED et al., 2015). 

Until recently it was believed that the gastrointestinal tract of the newborns was sterile 

and immediately colonized after birth (BIASUCCI et al., 2010). Nevertheless, recent studies 

have demonstrated the presence of microorganisms in the amniotic fluid, placenta, foetal 

membranes, umbilical cords, and meconium (AAGAARD et al., 2014; CHU et al., 2017; 

COLLADO et al., 2016; DIGIULIO et al., 2008; 2010; JIMÉNEZ et al., 2005; ROMAN et al., 

2015; ROMERO et al., 2015), which may indicate that the colonisation of the intestinal 

microbiota begins in the uterus and not after birth (COLLADO et al., 2016; TANAKA & 

NAKAYAMA, 2017). A direct impact of prenatal microorganisms on foetal gut colonization 

was reported by COLLADO et al. (2016). These authors hypothesized that the process of 

maturation of a healthy immune system developed by the contact with gut microorganisms may 

begin already during foetal life. The gut colonization is not random and several changes may 

take place in the prevalent species, during the first month of life (DOGRA et al., 2015). MOLES 

et al. (2013) reported that the specific microbiota differs between spontaneously-released 

meconium and faeces after the first week of life. In a study with Swedish infants and their 

mothers, BÄCKHED et al. (2015) demonstrated that the infants born by caesarean-section had 

a less resemblance to their mothers' microbiota when compared with infants from vaginally 

birth. Additionally, the authors reported that nutrition had a great impact in the composition and 

function of the early microbiota, with an increase in the proportion of species of the genera 

Roseburia, Clostridium, and Anaerostipes for the infants who were not breastfed, while for the 

breastfed infants aged 12 months the beneficial genera Bifidobacterium and Lactobacillus 

dominated the gut microbiota. 

Traditionally, studies on the gut microbiota were focused on analysing its role in 

human disease. However, recently, this research field has significantly increased, resulting in 

the publication of several reports that describe the wide impact of the intestinal microbiota on 

the host physiology. Thus, the traditional anthropocentric view of the gut microbiota as 

pathogenic and as an immunological threat has been substituted with an appreciation of its 

mainly beneficial influence on the human health (SOMMER & BÄCKHED, 2013). The 

development of molecular techniques as Next-Generation Sequence technologies (NGS) has 

represented a significant improvement in metagenomic research, leading to a substantial 

increase in the knowledge about the different microbiomes and their influence on the human 
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host and the gut microbiota. Therefore, the increased knowledge about the gut microbiome 

functions favours the development of new therapeutic strategies based on the microbiome 

manipulation (D'ANGENIO & SALVATORE, 2015). 

Until now, the intestinal microbiota is considered as an "organ" that affects the host 

biology, generating energy from waste decomposition undigested in the small intestine 

(complex carbohydrates and proteins), resulting in fermentation products (short-chain fatty 

acids, ethanol, gases, vitamins, among others). The intestinal microbiota acts as a barrier against 

a number of pathogenic microorganisms, inhibiting their invasion by decreasing the 

permeability of the epithelium due to an increase in the expression of proteins occlusion zonules 

of enterocytes and to the regulation of the innate immunity by a receptor recognition of bacterial 

antigens (LI et al., 2016; TESTRO & VISVANATHAN, 2009). An important activity of the 

intestinal microbiota is the utilization of nutrients that are not completely hydrolysed by 

enzymes in the human gastrointestinal tract and are lost with the excretion (KIMURA et al, 

2013). 

In general, a high diversity in the microbiota is considered as an index of the health 

condition, while a decrease in the bacterial diversity has been connected with the development 

and progression of human diseases like obesity and colorectal cancer, as well as inflammatory 

and immunological diseases (AMBALAM et al., 2016; D’ANGENIO & SALVATORE, 2015; 

LI et al., 2016). Additionally, studies have shown that the gut microbiota can influence several 

neuropsychiatric disorders (BRUCE-KELLER; SALBAUM; BERTHOUD, 2018). KIM et al. 

(2018) showed that personality traits are correlated with the composition and diversity of the 

human gut microbiota. In addition, dysbiosis in the gut microbiota are closely related to 

Parkinson’s disease (PARASHAR & UDAYABANU, 2017), autism spectrum disorders in 

children (KANG et al., 2018; LI & ZHOU, 2016; VUONG & HSIAO, 2017), anxiety and 

depressive disorders (BRUCE-KELLER; SALBAUM; BERTHOUD, 2018), as well as 

Alzheimer’s disease (GUBIANI et al., 2017; MANCUSO & SANTANGELO, 2018).  

In view of this, the gut microbiota modulation by probiotics and prebiotics has been 

pointed out as a promising alternative to prevent some diseases (BUTEL, 2014; DINAN & 

CRYAN, 2013). In a review, AMBALAM et al. (2016) reported several studies in which 

probiotics and prebiotics, alone or in combination (synbiotics), could modulate the immune 

system and the gut microbiota, thus preventing an inflammation process and colorectal cancer. 

BAGAROLLI et al. (2017) reported that probiotic strains modulated the gut microbiota in an 

in vivo model using DIO mice, reversing the obesity-related characteristics, inducing an 

increase in the hypothalamic insulin resistance. RASMUSSEN and HAMAKER (2017) showed 
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that prebiotic and dietary fibres, when fermented by the gut microbiota, resulted in the 

modulation of this intestinal microbiota and in the production of metabolic compounds with 

beneficial effects like short-chain fatty acids (SCFA), which could reduce the inflammation 

process in inflammatory bowel disease. 

 

2.5. Soybean functional probiotic and prebiotic products 

Currently, the use of beneficial bacteria as probiotic strains and also prebiotic 

ingredients in fermented products, especially dairy products, has been exhaustively explored by 

researchers and food industries. However, due to the growth of vegetarianism, lactose 

intolerance, allergy to milk proteins, and high cholesterol content of dairy products, the market 

prospects and the research field related to probiotic and prebiotic products are gradually 

changing in the last years (FARNWORTH et al., 2007, VINDEROLA, BURNS, & 

REINHEIMER, 2017). The replacement of milk by water-soluble soy extract in fermented soy 

products similar to yogurt and fermented milk has been characterized as a promising alternative 

in the development of new products in Brazil (ROSSI et al., 2011). Several benefits are 

attributed to the fermentation of the soy water-soluble extract, such as the reduction of its 

characteristic flavour and aroma, thus improving the sensory aspects and resulting in decreased 

carbohydrate levels that may be responsible for the sensation of bloating and flatulence, as well 

as increased free isoflavone levels (BATTISTINI et al., 2018; BEDANI et al., 2013; 2014; 

2015; MONDRAGON-BERNAL et al., 2010; YEO & LIONG, 2010). In addition, when soy 

proteins are metabolized by probiotic microorganisms, they may produce bioactive peptides 

known to confer health benefits (LEE & HUR, 2017, PIHLANTO & KORNONEN, 2015, 

SINGH & VIJ, 2017). 

Lactobacilli and bifidobacteria, alone or in combination with prebiotic ingredients, 

were successfully employed in several studies for the development of fermented water-soluble 

soy extract as soy “yoghurt” and fermented soy “milk” (FARNWORTH et al., 2007; KAUR; 

MISHRA; KUMAR, 2009; MASOTTI et al., 2011; PANDEY & MISHRA, 2015), soy 

“yoghurts” and fermented soy “milk” with soybean by-product (okara) (BEDANI; ROSSI; 

SAAD, 2013; BEDANI et al., 2014; 2015), fermented beverage based on vegetable soybean 

(BATTISTINI et al., 2018), soy-based “cheese”, soy frozen dessert, and soy ice-cream 

(HEENAN et al., 2004; MATIAS et al., 2014; 2016; LIU et al., 2006). 

CHAMPAGNE et al. (2009) evaluated the fermentation of water-soluble soybean 

extract with the combination of several probiotic strains with Streptococcus thermophilus as 

the starter culture. The authors observed that the synergy of growth of these probiotics with the 
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starter culture did not differ from that obtained in milk, thus demonstrating that there are no 

losses in the fermentation process when compared to the fermentation in milk. In a recently 

published research, PATRIGNANI et al. (2018) concluded that strains belonging to the species 

Bifidobacterium aesculapii grew well in “soymilk”, producing high amounts of 

exopolysaccharide, and increasing the rheological and sensorial quality of fermented 

“soymilk”. An increased growth and viability of the strain Lactobacillus acidophilus LA-5 in 

fermented "soymilk" with different concentration of apple juice was shown by ÍÇIER et al. 

(2015), since the authors noted a variation in probiotic populations between 8.7 to 9.1 log 

CFU/g during refrigeration storage. However, MATIAS et al. (2014) observed that the same 

strain presented a significant decrease of up to ~2 log CFU/g in its count during the soy-based 

petit-suisse cheese storage. ALBUQUERQUE et al. (2017) observed that the supplementation 

of fermented "soymilk" with passion-fruit by-product and fructo-oligosaccharides (FOS) 

increased the population of L. acidophilus LA-5, L. rhamnosus LGG, and L. reuteri RC-14, but 

did not influence the population of the L. fermentum PCC and Streptococcus thermophilus 

strains, except for strain TA-40, which decreased in the presence of fruit by-product and FOS. 

In addition, the authors showed that the use of passion-fruit by-product and FOS in fermented 

"soymilk" contributed to the growth of probiotics and starter cultures and to increase the 

production of natural folate. In contrast, BATTISTINI et al. (2018) demonstrated that inulin 

and FOS supplementation in fermented soymilk did not increase the viable counts of L. 

acidophilus LA-5 and B. animalis BB-12 during storage, with population ≥ 5.6 log CFU/g and 

≥ 8 log CFU/g, respectively. WU et al., (2012) reported that Propionibacterium frudenrichii 

subsp. sheramanii ATCC 13673 increased the survival of Bifidobacterium adolescentis Int57 

in a fermented “soymilk”. In this line, a high viability of L. acidophilus LA-5 and B. animalis 

BB-12, as well as a great survival of B. animalis BB-12 under gastrointestinal stress was 

reported by BEDANI, ROSSI, and SAAD (2013) in a fermented soy product during refrigerated 

storage. Nevertheless, in a later study BEDANI et al. (2014) showed that the presence of 

tropical fruit pulp (mango and guava) did not affect the L. acidophilus LA-5 and B. animalis 

BB-12 viabilities in a fermented soy product, but there was a significant decrease in the 

probiotic survival to simulated gastrointestinal stress for both probiotic strains, L. acidophilus 

LA-5 and B. animalis BB-12. In an earlier study, SHIMAKAWA et al. (2003) evaluated the 

probiotic potential of the water-soluble soybean extract fermented with Bifidobacterium breve 

YIT 4065 and noted that the populations of this microorganism reached 1.6 x 109 CFU/mL, 

remaining stable for a period of 20 days at 10 °C. The researchers suggested that the soy protein 
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may have exerted a protective effect, increasing the survival of B. breve cells when they were 

exposed to the action of bile.  

Regardless of the controversial results previously described about probiotic survival 

in the soy-based food matrix, several have shown many health effects attributed to the 

consumption of these products like the reduction of cardiovascular disease risk (BEDANI et 

al., 2015; DONG et al., 2016; PADHI et al., 2016; SIMENTAL-MENDÍA et al., 2018; ROSSI 

et al., 1999; 2003), immunomodulatory activity (MASOTTI et al., 2011; LIN et al., 2016), 

decrease in the immune-reactivity to soy proteins by L. helveticus fermentation 

(MEINLSCHMIDT et al., 2016), decreased formation of putrefactive compound by the gut 

microbiota (NAKATA et al., 2017), reduction on the risk of breast and colorectal cancer 

(BEDANI et al., 2010; KINOUCHI et al., 2012; SIVIERI et al., 2008), and also, contribution 

for the decrease in the risk for the development of postmenopausal osteoporosis (BEDANI et 

al., 2006; SHIGUEMOTO et al., 2007). 

In view of what was previously discussed in this chapter, the incorporation of fruit and 

vegetable by-products in a soy-based product (entirely of vegetal origin) could represent a 

promising alternative for the reduction of the disposal of food industrial by-products with high 

nutritional and biological properties, with the aggregation of value to them. Additionally, the 

combination of the functional properties of the fruit residues and the water-soluble soy extract 

together with probiotic microorganisms may result in a fermented multifunctional soy product 

with great potential for modulation and modification of the human intestinal microbiota. 

 

3. OBJECTIVES 

3.1. General Objective 

 To develop a fermented soy beverage added of fruit or vegetable by-products, supplemented 

with probiotic strains and to evaluate their impact on the composition and metabolic activity 

of the human gut microbiota, employing the in vitro model TIM-2. 

 

3.2. Specifically objectives 

 To select the best industrial by-products (fruit and soy) and amaranth flour, based on their 

physical-chemical, microbiological, technological, and functional characteristics. 

 To select probiotic strains to be employed in fermented soy beverages, based on their salt 

bile deconjugation and proteolytic activity, as well as their ability to ferment raffinose (one 

of the soy carbohydrate responsible for bloating and flatulence after the consumption of soy 

products). 
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 To develop a fermented soy product with the probiotic strains and the by-product previously 

selected and to evaluate its microbiological, technological, and sensory characteristics 

during 28 days of refrigeration storage (4 ºC).  

 To evaluate the probiotic survival in the fermented soy product developed using an in vitro 

static model and to assess the effect of the by-product selected on the probiotic in vitro 

survival.  

 To evaluate the impact of the soy fermented product on the composition and metabolic 

activity of the intestinal microbiota of obese individuals, compared to that of lean ones, 

using an in vitro model that simulate the colon conditions (TIM-2). 
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Chapter 2 

ABSTRACT 

The ability of different fruit by-products, okara, and amaranth flour, to support the growth of probiotic 
and non-probiotic strains was evaluated. The tests were conducted with three commercial starter cultures 
(Streptococcus thermophilus), ten probiotic strains (seven Lactobacillus spp. and three Bifidobacterium 
spp. strains), and two harmful bacteria representative of the intestinal microbiota (Escherichia coli and 
Clostridium perfringens). In vitro fermentability assays were performed using a modified MRS broth 
supplemented with different fruits (acerola, orange, passion fruit, and mango), and soy (okara) by-
products or amaranth flour. Orange and passion-fruit by-products were the substrates that most 
promoted the growth of bacterial populations, including pathogenic strains. On the other hand, the 
acerola by-product was the substrate that showed the highest selectivity for beneficial bacteria, since the 
E. coli and Cl. perfringens populations were lower in the presence of this fruit by-product. Although the 
passion fruit by-product, okara, and amaranth stimulated the probiotic strains, the growth of the 
pathogenic strains studied was higher compared to other substrates. Different growth profiles were 
verified for each substrate when the different strains were compared. Although pure culture models do 
not reflect bacterial interaction in the host, this study reinforces the fact that the ability to metabolize 
different substrates is strain-dependent, and acerola, mango, and orange by-products are the substrates 
with the greatest potential to be used as prebiotic ingredients. 
 
Keywords: Probiotic; Fruit by-products; Okara; Amaranth; Prebiotic; Fermentability. 

 

Highlights 

 
 Fermentability of fruit by-products, okara, and amaranth flour was evaluated. 
 Orange and passion fruit by-products promoted the highest growth of strains. 
 Acerola by-product showed higher selectivity for growth of beneficial strains. 
 Okara and amaranth flour stimulated the growth of E.coli and Cl. perfringens. 
 Selective fermentation was strain-dependent and influenced by the substrate. 

 
Graphic abstract 
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1. INTRODUCTION 

For more than two decades, Brazilian agriculture has registered strong growth. Brazil 

has become a major exporter of agricultural products, with a surplus of USD 78.6 billion in 

2013. The country is one of the largest fruit exporters and the largest exporter of processed 

citrus, particularly concentrated frozen orange juice. In addition to citrus fruits, the main fruits 

produced include bananas, apples, grapes, melons, and tropical fruits, particularly papayas, 

mangoes, avocados, and pineapples. These last three are the most important in terms of volume. 

In the grain sector, soy are expected to continue to be one of the most important agricultural 

products. Currently, Brazil is the second largest producer, only behind the USA, but this 

scenario is expected to change by 2024, with Brazil overtaking the USA (OECD/FAO, 2015). 

By-products generated in the fruit and vegetable processing industries are also an 

important environmental problem, resulting in significant economic losses for the sector. These 

facts have increased the interest of the food industries in discovering and applying strategies to 

improve the sustainability of food processing, such as the use of these by-products for livestock 

feeding and fuel production (Villanueva-Suárez, Pérez-Cózar, & Redonco-Cuenca, 2013). Even 

though they are frequently treated as industrial waste, they might be good sources of nutrients 

and bioactive compounds and improve the nutritional and functional properties of food 

products. A good example of this is okara, a by-product of soymilk and tofu (bean curd) 

processing, which presents high amounts of dietary fibres, proteins, lipids, and minerals, along 

with unspecified monosaccharides and oligosaccharides (Jiménez-Escrig, Tenorio, Espinosa-

Martos, & Rupérez, 2008; Mateos-Aparicio, Mateos-Peinado, Jiménez-Escrig, & Rupérez, 

2010). In general, okara may be considered a good and cheap source of dietary fibres, since 

they are its major component (Lu, Liu, & Li, 2013), and could be used to increase the content 

of high-value compounds in different products (Bedani, Campos, Castro, Rossi, & Saad, 2014; 

Villanueva-Suárez et al., 2013). 

The majority of by-products generated by the fruit industry are made up of peel, seeds, 

and skims (O’Shea, Arendt, & Gallagher, 2012). Peel constitutes around 15-20% of the fresh 

fruit, and some studies have demonstrated that this is also a promising source of health-

promoting compounds and could be used in functional foods (Ajila, Aalami, Leelavathi, & Rao, 

2010; Barros, Ferreira, & Genovese, 2012). Passion fruit peel, for example, is rich in dietary 

fibre (DF), especially pectin (Zeraik, Pereira, Zuin, & Yariwake, 2010). By-products from 

orange juice production have also been widely studied and applied as a DF source in various 

products, such as bakery products (Romero-Lopez, Osorio-Diaz, Bello-Perez, Tovar, & 

Bernardino-Nicanor, 2011), functional dairy products (Sendra, Fayos, Lario, Fernández-Lopes, 
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Sayas-Barberá, & Pérez-Alvarez, 2008), and meat products (Sayas-Barberá, Viuda-Martos, 

Fernández-López, Pérez-Alvarez, & Sendra, 2012). Acerola, as well as passion fruit and orange 

by-products, presents significant amounts of DF, especially pectin, polyphenols, anthocyanins, 

phenolic compounds, and α-glucosidase inhibitors (Assis, Lima, & Oliveira, 2001; Paz et al., 

2015; Rochette et al., 2013). Mango by-products have important bioactive compounds to 

improve health and reduce the risk of diseases, and studies have demonstrated their use as food 

ingredients in many products (Ajila et al., 2010; Jahurul et al., 2015).  

Dietary fibres are largely present in fruit by-products generated during processing and 

their potential to increase the population of beneficial bacteria, including Lactobacillus spp. and 

Bifidobacterium spp. has been recognized (Silva, Cazarin, Bogusz Junior, Augusto, & 

Maróstica Junior, 2014). Soluble fibres may form gels in the gastrointestinal tract, which 

contribute to their fermentability by the gut microbiota. The products generated during this 

fermentation may be associated with different effects on the host’s health and well-being, such 

as increasing colon bacteria biomass and reducing colonic pH through the production of short-

chain fatty acids. These compounds are important for the nutrition of enterocytes and the 

inhibition of pathogenic bacteria (Gibson, 2004). 

Another potential substrate that could be used as a fermentable functional ingredient 

is amaranth (Amaranthus spp.) seed flour. Amaranth is a highly nutritional pseudocereal, which 

is an excellent source of proteins and other nutrients, including dietary fibre, vitamins, and 

minerals (Caselato-Sousa & Amaya-Farfán, 2012). In vitro and in vivo assays have shown that 

hydrolysis of amaranth proteins leads to the release of bioactive peptides with potential 

antithrombotic and antihypertensive activities (Fritz, Vecchi, Rinaldi, & Añón, 2011; Sabbione, 

Nardo, Añón, & Scilingo, 2016).  

Therefore, as plant substrates may have compounds which might be promising in terms 

of stimulating the growth of beneficial bacteria, the present study aimed to evaluate the 

fermentation of different vegetable (fruit and soy) by-products, as well as amaranth flour by 

probiotic (lactobacilli and bifidobacteria) and starter (streptococci) strains and by harmful 

bacteria representative of the intestinal microbiota (Escherichia coli ATCC 8739 and 

Clostridium perfringens ATCC 13124). 

 

2. MATERIAL AND METHODS 

2.1. Amaranth flour and the manufacture of the industrial by-products powder 

Orange, acerola, passion fruit, and mango by-products were obtained from fruit 

processing companies located in the state of São Paulo, Brazil (in March, July, August, and 
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December 2014, respectively) and stored at -18 ºC until their processing. Peel and seeds were 

the fruit by-products employed, except for mango, where only peel was used. All frozen fruit 

by-products were thawed at 4 ºC for 48 h, washed, bleached (for 12 min), and dried in an air 

flow oven (60 ºC/24 h). A blender (Magiclean, Arno, São Paulo, Brazil) was used to reduce the 

dry fruit by-products into a fine powder, and sieves were used to standardize the particle sizes 

(diameter below 0.42 mm). The final by-product powders were stored in polypropylene bags 

and kept at -18 ºC until use. Okara was supplied by UNIVERSOJA (Production and 

Development Unit for Soy Derivatives) located at the School of Pharmaceutical Sciences of the 

São Paulo State University (Araraquara, São Paulo state, Brazil) according to Bedani, Rossi & 

Saad, (2013). The amaranth flour (Vida Boa, Produtos Naturais, Limeira, Brazil) was obtained 

from a local store (São Paulo, Brazil). The fruit and okara by-products powder (≤ 0.42 mm) and 

amaranth flour were processed and sterilized by gamma irradiation following Albuquerque, 

Bedani, Vieira, LeBlanc, & Saad (2016). 

 

2.2. Physicochemical analysis of the by-products and amaranth flour 

Total solids, lipids, protein (N x 6.25), and ash were determined according to the 

methods described by IAL (2008). Carbohydrate content was calculated by difference to reach 

100 g of total contents. Total dietary fibre, soluble fibre, and insoluble fibre quantifications 

were conducted at the Physicochemical Laboratory of the Food Intelligence Laboratories Inc. 

(São Paulo, Brazil), using the enzymatic-gravimetric method 991.43 (AOAC, 2003). 

 

2.3. Bacterial growth in the presence of fruit or soy by-products, or amaranth flour 

Thirteen food-grade strains normally used as probiotic or starter cultures by the food 

manufacturers, as well as two harmful bacteria representative of the intestinal microbiota, were 

evaluated using an in vitro fermentability test, according to García-Cayuela et al. (2014), Ryu, 

Kim, Park, Lee, & Lee (2007), and Watson et al. (2012). Briefly, fresh cultures of each strain 

(obtained at 37 ºC for 24 h in the cultivation conditions described in Table 2.1), were 

individually inoculated (4-5 log CFU) in formulated modified DeMan-Rogosa-Sharpe (MRS) 

broth with phenol red (mMRS, Ryu et al., 2007), individually supplemented with 1% (w/v) of 

each by-product or amaranth flour. The enumeration of the bacterial populations was performed 

before (0 h) and after 24 h, and 48 h of incubation at 37 ºC, using the appropriate agar media 

for each microorganism (Table 2.1). 
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Table 2.1. Microorganisms evaluated in the present study and conditions employed for the 
cultivation of each strain. 

Strains Code Broth Agar Incubation 

Streptococcus thermophilus TH-4a TH-4 

HJ1 M172 
37 °C 

Aerobic St. thermophilus ST-M6a ST-M6 

St. thermophilus TA-40b TA-40 

Lactobacillus acidophilus LA-5c LA-5 MRS3 MRS with maltose4 

37 °C 
Aerobic L. fermentum PCCc PCC 

MRS3 MRS5 
L. reuteri RC-14c RC-14 

L. paracasei subsp. paracasei L. 
casei 431c 431 

MRS3 
acidified MRS 

(pH 5.4)6 

37 °C 
Anaerobic7 

L. paracasei subsp. paracasei F19c F19 

L. rhamnosus GR-1c GR-1 37 °C 
Aerobic L. rhamnosus LGGc LGG 

Bifidobacterium animalis subsp. 
lactis BB-12c BB-12 

MRS 
cysteine 
(0.05%)8 

LP-MRS9 
37 °C 

Anaerobic7 B. longum BB-46c BB-46 

B. longum subsp. infantis BB-02c BB-02 

Escherichia coli ATCC 8739 EC BHI10 EMB10 
37 °C 

Aerobic 

Clostridium perfringens ATCC 
13124 CL RCM10 RCA11 

37 °C 
Anaerobic7 

a Starter culture (Chr. Hansen, Hørsholm, Denmark); b Starter culture (DuPont, Dangé, France); c Probiotic cultures (Chr. 
Hansen); 1. Hogg-Jago Glucose (HJ) (Blomqvist, Steinmoen, & Håvarstein, 2006); 2. M17 agar (Oxoid, Basignstoke, UK) 
(Richter & Vedamuthu, 2001); 3. De Man-Rogosa and Sharpe broth; 4. MRS modified agar supplemented with maltose (IDF, 
1995); 5. MRS agar (Oxoid); 6. Acidified MRS agar pH 5.4 (Buriti, Cardarelli, & Saad, 2007); 7. Anaerobes System 
AnaeroGenTM (Oxoid); 8. MRS Broth (Oxoid) supplemented with L-cysteine (0.05 g/L, Sigma-Aldrich, St. Louis, USA); 9. 
LP-MRS agar (Vinderola, Prosello, Ghiberto, & Reinheimer, 2000); 10. RCM broth, BHI broth, EMB agar (Oxoid), 11. RCM 
broth added to 13.5 g/L bacterial agar (Oxoid). 

 

2.4. Statistical analysis 

The Shapiro-Wilk test was used to verify the data normality, and the Bartlett test was 

used to check assumptions of homoscedasticity. In order to evaluate the global effect of 

vegetable substrates on bacterial growth, in addition to chemical composition, data were 

submitted to Variance Analysis (ANOVA), and the Tukey test was used for means comparison. 

Data that did not show normality and homoscedasticity were submitted to Kruskal-Wallis and 
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to means comparison by the Fisher LSD test. The statistical package Statistica 13.0 (StatSoft, 

Tulsa, OK, USA) was employed, and the results were presented as means ± standard deviation 

(SD). Principal Components Analysis was performed to evaluate the relationships between each 

bacterial strain and the vegetable substrates after 24 h and 48 h of incubation. Covariance was 

the matrix type used in the mapping. For this purpose, the XLSTAT 2017 software was 

employed.  

 

3. RESULTS 

3.1. Chemical composition of the by-products and of amaranth flour 

The chemical composition of each by-product and amaranth flour is presented in Table 

2.2. A significant variation in total solids (TS) between all the by-products evaluated and 

amaranth flour (P<0.05) after drying was observed. This variation in TS is probably due to the 

smaller size of the acerola and passion fruit fragments, compared to those of orange and mango, 

which resulted in a larger contact area, leading to higher mass transfer during the drying 

process. Regarding protein content, okara and amaranth powders presented the highest values 

(35.25 g/100 g and 13.13 g/100 g, respectively), in comparison with all the fruit by-products 

studied (P<0.05).  

 

Table 2.2. Chemical composition of fruit by-products, okara, and amaranth powders.  

Parameters (g/100 g) Acerola Mango Orange 
Passion 

fruit 
Okara Amaranth 

Total solids 98.35(0.09)B 89.87(0.19)F 96.27(0.05)C 99.55(0.07)A 95.52(0.11)D 93.93(0.08)E 

Protein 8.23(0.21)C 5.14(0.15)E 6.55(0.08)D 8.59(0.71)C 35.25(0.25)A 13.13(0.25)B 

Ash 2.57(0.04)B 2.57(0.27)B 3.38(0.17)A 2.34(0.16)B 3.09(0.04)A 2.26(0.09)B 

Fat 2.33(0.07)D 1.93(0.44)D 2.38(0.18)D 11.19(0.64)B 19.84(0.08)A 6.99(0.28)C 

Total carbohydrates 
(including TDFa) 

85.21(0.38)A 80.22(0.32)C 83.95(0.24)B 77.43(0.73)D 37.35(0.12)F 71.57(0.53)E 

A-F Different superscript capital letters in a row denote significant differences (P<0.05) between different by-products and/or 
amaranth. aTotal dietary fibres. Values are expressed as means of repetitions (standard deviation) 

 

The acerola by-product presented the highest total dietary fibre (TDF) content (48.46 

g/100 g), of which only 0.59 g/100 g corresponded to the soluble fraction (SF), and 47.87 g/100 

g to the insoluble fraction (IF). The passion fruit by-product also presented a low amount of SF 

(0.12 g/100 g) and a high IF content (42.11 g/100 g), reaching a TDF content of 42.23 g/100 g. 

Neither okara nor amaranth powder presented SF in their composition, and the TDF content 
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completely corresponded to the IF content of, respectively, 35.32 g/100 g and 11.78 g/100 g. 

The mango and orange by-products presented, respectively, 41.53 g/100 g and 42.92 g/100 g 

(TDF); 11.37 g/100 g and 7.46 g/100 g (SF); and 30.16 g/100 g and 35.46 g/100 g (IF). The 

total carbohydrate content of okara (37.35 g/100 g) completely corresponded to the IF fraction, 

while acerola, mango, orange, and passion fruit by-products, as well as amaranth, respectively 

presented 85.21 g/100 g, 80.22 g/100 g, 83.95 g/100 g, 77.43 g/100 g, and 71.57 g/100 g of 

total carbohydrates, indicating that, besides SF and IF these by-products also presented simple 

carbohydrates.  

 

3.2. In vitro fermentability of fruit/soy by-products and amaranth flour 

In general, higher bacterial populations (P<0.05) were observed in the mMRS medium 

with the orange and passion fruit by-products (Figure 2.1). The bacterial populations in mMRS 

medium supplemented with mango by-product and amaranth were not statistically different 

from the orange and passion fruit by-products, and nor were they significantly different 

(P>0.05) from the acerola by-product and okara, which presented the lowest growth compared 

to the media supplemented with orange and passion fruit by-products. As expected, each 

vegetable substrate presented a different selective effect on the growth of bacterial strains 

studied. Supplementation of the culture broth with the fruit by-products, okara, and amaranth 

flour resulted in increased populations for most of the strains studied (Figure 2.2 A-F). Higher 

populations after incubation in the presence of all the fruit by-products evaluated, okara, and 

amaranth flour were observed for all Lactobacillus strains. However, L. acidophilus LA-5, 

followed by L. rhamnosus LGG, were the strains that presented the lowest growth in the 

presence of the vegetable substrates studied. When comparing 24 h and 48 h of incubation, 

there was a significant reduction (P<0.05) in populations of the following strains: L. 

acidophilus LA-5, in the presence of acerola, passion fruit by-products, and okara; L. 

rhamnosus LGG, in the presence of the acerola by-product and okara, as well as L. rhamnosus 

GR-1, in the presence of the acerola by-product. Bifidobacterium animalis BB-12 and B. 

longum BB-02 showed a significant increase (P<0.05) in mMRS broth supplemented with all 

substrates tested. On the other hand, B. longum BB-46 grew significantly (P<0.05) only in fruit 

by-products, except for the passion fruit by-product in the first 24 h of assay. In fact, B. longum 

BB-46 populations in the presence of this by-product were lower than the non-supplemented 

mMRS broth (negative control) (6.83 log CFU/mL and 6.86 log CFU/mL for 24 h and 48 h, 

respectively, data not shown). However, after 48 h, there was a significant reduction in BB-46 

populations in the presence of acerola, mango, and orange by-products, reaching values equal 
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to or lower than those observed for the negative control. The opposite behaviour was verified 

for BB-46 in presence of the passion fruit by-product for the same incubation time (48 h), since 

this strain had higher populations than those observed in the first 24 h. This growth was 

significantly higher when compared to the negative control. Among the St. thermophilus strains 

employed in this study, TA-40 grew only in the presence of the fruit by-products, but after 48 

h there was a reduction in their populations in the presence of the mango by-product. However, 

this population reduction was significantly lower or equal to the reduction observed for the 

negative control (6.18 log CFU/mL and 6.28 log CFU/mL for 24 h and 48 h, respectively, data 

not shown). Streptococcus thermophilus ST-M6 showed an increase in populations in the media 

supplemented with all vegetable substrates, except the acerola by-product, as well as okara after 

48 h of incubation. However, only for the passion fruit supplemented medium these populations 

were significantly higher than those observed in the negative control (7.21 log CFU/mL and 

7.14 log CFU/mL for 24 h and 48 h, respectively, data not shown). Additionally, TH-4 did not 

show any significant increase (P<0.05) in the presence of by-products and/or amaranth flour. 

Low populations of St. thermophilus strains and B. longum BB-46 in media supplemented with 

the acerola by-product and okara could explain the lower global bacteria populations for these 

substrates supplementation. 

Concerning the growth of other important microorganisms from the human intestinal 

tract, Cl. perfringens ATCC 13124 did not grow significantly in the presence of acerola, mango 

or orange by-products, after 24 or 48 h of incubation (P<0.05), when compared to the non-

supplemented mMRS broth negative control (7.62 log CFU/mL and 7.68 log CFU/mL for 24 h 

and 48 h, respectively, data not shown). However, the broths supplemented with the passion 

fruit by-product, okara, and amaranth showed high Cl. perfringens populations after 24 h of 

incubation (8.31 log CFU/mL, 8.68 log CFU/mL and 8.43 log CFU/mL, respectively). The E. 

coli strain was able to grow in media supplemented with the fruit by-products, okara or 

amaranth flour. When comparing 24 h and 48 h, E. coli ATCC 8786 had the lowest growth 

rates in the first 24 h for all substrates studied, except for the supplemented okara medium, 

where populations between 24 h and 48 h of incubation did not show a significant difference 

(P>0.05). Additionally, for the same incubation time, the broth supplemented with the acerola 

by-product showed the lowest E. coli populations compared to the other substrates employed 

in this study (P<0.05). 
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Figure 2.1. Global bacterial populations on phenol red MRS broth supplemented with 1% w/v of the 
acerola, mango, orange, passion fruit by-products, okara, and amaranth flour. a,b Different lowercase 
letters indicate significant differences (P<0.05) between different vegetables substrates independently 
of time of incubation and/or strain. 

 

To evaluate which of the by-products/amaranth presented important differences 

regarding the growth of the strains studied, we carried out a principal component analysis 

(PCA) on a dataset of 15 strains using 6 vegetable substrates. Figure 2.3 illustrates the growth 

of the strains after 24 h (3A) and 48 h (3B) of incubation at 37 ºC. The first principal component 

(PC, F1), for 24 h of incubation, explained 60.66% of the total variance between the by-

products/amaranth, and the second component (F2) explained 27.28%. Therefore, the first two 

PC explained 87.95% of the variability between by-products/amaranth in relation to bacterial 

growth (Figure 2.3 A). For the growth after 48 h of incubation, the first PC (F1) explained 

52.32% of the variability between the by-products/amaranth and the second component 

36.56%. Therefore, the first two PC explained 88.87% of the variability between by-

products/amaranth regarding bacterial growth (Figure 2.3 B). 
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Figure 2.2. Populations of probiotic, starter, E. coli (EC), and Cl. perfringens (CL) strains* on phenol 
red MRS broth supplemented with 1% w/v of the (A) acerola, (B) mango, (C) orange, (D) passion fruit, 
(E) okara by-products, and of (F) amaranth, before (0 h,    ) and after 24 h (    ) and 48 h (    ) of incubation 
at 37 °C. *See Table 2.1 for description of strains. A-G Different capital letters indicate significant 
differences (P<0.05) between the different by-products and/or amaranth for a same strain in the same 
incubation period. a-g Different lowercase letters indicate significant differences (P<0.05) between 
different strains for the same by-product and/or amaranth in the same incubation period. α-γ Distinct 
Greek letters indicate significant differences (P<0.05) between different incubation periods for the same 
strain and the same by-product and/or amaranth.  
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Figure 2.3. Principal Component graph of bacterial* growth in the presence of different vegetable 
substrates after 24 h (A) and 48 h (B) of incubation at 37 ºC. *See Table 2.1 for description of strains. 

 

After 24 hours of incubation, St. thermophilus TH-4 and ST-M6 grew better in 

amaranth flour, passion fruit and mango by-products, especially when compared to the acerola 

by-product. On the other hand, the growth of B. longum BB-46 and St. thermophilus TA-40 

was higher in orange, mango, and acerola by-products, mainly when compared to the okara by-

product. After 48 h of incubation, the growth of the strains BB-46, ST-M6, and TH-4 was higher 

in the presence of passion fruit, orange, and mango by-products and amaranth (on the right of 

the map, Figure 2.3 B). Therefore, these substrates were more favourable for the BB-46, ST-

M6, and TH-4strains, compared to the acerola and okara by-products (on the left of map, Figure 

2.3 B). BB-46 showed the highest growth in the presence of the passion fruit by-product and 

TH-4 in the presence of amaranth flour, whereas lower growth rates in the presence of acerola 

was observed for TH-4 and BB-46 in the presence of okara. However, St. thermophilus TA-40 

showed the highest growth in the presence of acerola, orange, and passion fruit by-products, 

when compared to okara and mango by-products and amaranth. 

 

4. DISCUSSION  

The fermentation ability of fifteen bacteria, including three starter cultures, ten 

probiotic cultures, and two harmful bacteria representative of intestinal microbiota after 24 h 

and 48 h in modified MRS supplemented with six vegetable substrates (acerola, mango, orange, 

passion fruit by-products, okara, and amaranth flour) were evaluated. Several studies have 

demonstrated that the processing of fruit and other vegetables generates a large quantity of by-

products. These by-products are great sources of bioactive compounds, including dietary fibres, 

antioxidants, phenolic compounds, and minerals, often containing higher concentrations of 
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bioactive compounds than the final products (Ajila et al., 2010; Ayala-Zavala et al., 2011; 

Barros et al., 2012; Duzzioni, Lenton, Silva, & Barrozo, 2013; O’Shea et al., 2012). 

Additionally, amaranth is classified as a pseudocereal and belongs to the group of the 

‘superfoods’, presenting a nutritional composition that confers multiple benefits on the host. 

The potential prebiotic effect of dietary fibres present in vegetable by-products and 

pseudocereals have been widely explored (Gullón, Gullón, Tavaria, & Yáñez, 2016; 

Villanueva-Suárez, Pérez-Cózar, Mateos-Aparicio, & Redondo-Cuenca, 2016). 

High concentrations of dietary fibre were reported by Espírito Santo et al. (2012) and 

Martinez et al. (2012) for passion fruit and mango by-products. Macagnan et al. (2015) have 

also observed the concentration of 54.82% of TDF, of which 29.65% were of IF and 25.17% of 

SF. In the present study, the lowest levels of TDF, SF, and IF were observed for orange by-

product. Extrinsic factors such as climate, fertilisation, and soil types, as well as intrinsic factors 

like cultivation conditions, vegetable maturity, and even different parts of the same plant, are 

known to influence the chemical composition of different by-products (Assis et al., 2001; 

Barros et al., 2012).  

A considerable amount of carbohydrates not digested by the human digestive enzymes 

reaches the colonic regions, where they act as the main source of energy for the colonic 

microbiota, altering the gut microbiota composition and the gene expression encoding proteins 

and enzymes of metabolic pathways involved in the use of fibres and the production of 

potentially beneficial metabolites such as short-chain fatty acids (SCFA) (Benítez-Páez, 2016; 

Rios-Covian, Gueimonde, Duncan, Flint, & Reyes-Gavilan, 2015; Scott, Gratz, Sheridan, Flint, 

& Duncan, 2013). Studies have shown that several fruit by-products and others vegetable 

substrates are sources of dietary fibre and other compounds which present a potential prebiotic 

effect, stimulating the gut microbiota modulation and increasing the proportion of beneficial 

bacteria such as Bifidobacterium spp., Lactobacillus spp., and Faecalibacterium prautsnitzii 

(Bialonska et al., 2010; Cantu-Jungles, Cipriani, Iacomini, Hamaker, & Cordeiro, 2017; Gullón 

et al., 2016; Maccaferri et al., 2012). Moreover, the increased survival of probiotic 

microorganisms in functional foods and the production of bioactive molecules like folate, 

lactate, and acetate in dairy or vegetable matrixes have also been described for vegetable 

substrates (Albuquerque et al., 2016; Bedani et al., 2013; Bialonska et al., 2010; Cantu-Jungles 

et al., 2017; Gullón et al., 2016). Gullón et al. (2016) evaluated the fermentability of amaranth 

through an in vitro model that used human faeces and a concentration of 1% (m/v) of amaranth 

in the fermentation medium. The results showed that this pseudocereal had a potential prebiotic 
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effect by increasing the population of selected groups present in the intestinal microbiota, such 

as Bifidobacterium spp. and Lactobacillus/Enterococcus. 

Similarly to what has been observed in the present study regarding the acerola by-

product, Bialonska et al. (2010) observed that the pomegranate by-product significantly 

enhanced the growth of bifidobacteria and lactobacilli, whereas populations of the pathogenic 

microorganism groups Clostridium histolyticum and Eubacterium rectale-Clostridium 

coccoides did not increase. On the other hand, the results of the present study demonstrate that 

this stimulus cannot be extrapolated to all members of a genus or cluster, since the B. longum 

BB-46 strain did not show the same growth as the other Bifidobacterium strains or even the 

Lactobacillus strains studied in the presence of amaranth. Villanueva-Suárez et al. (2013) 

evaluated the production of short-chain fatty acids (SCFA) during the fermentation of okara 

treated enzymatically with Ultraflo L® (to obtain a product with a higher proportion of soluble 

fibres) by a pure culture of Bifidobacterium bifidum DSM 20239. The authors reported a 

decrease in pH and substrate consumption, which demonstrated the bifidogenic capacity of 

okara. 

In general, in the present study, supplementation of the medium with passion fruit by-

products, okara or amaranth lead to the highest populations of the Cl. perfringens and E. coli 

strains. A possible explanation for this fact is that the high concentration of proteins present in 

these powders (Table 2.2) may have contributed to the growth of these microorganisms, since 

none of the other strains studied showed any proteolytic activity (data not shown). The acerola 

by-product was shown to have the same concentration of protein as passion fruit, but the 

fermentation of these proteins may have been hampered by the higher concentration of phenolic 

compounds of the acerola by-product (data not shown). In fact, Scott et al. (2013) reported that, 

among the members of the gut microbiota, Clostridium spp. and E. coli are bacteria involved 

in the deamination of amino acids and protein fermentation. Streptococcus thermophilus strains 

TA-40, ST-M6, and TH-4, as well as Bifidobacterium BB-46, presented the highest differences 

among the by-products. TH-4 and ST-M6 presented similar results at 24 and 48 hours when 

comparing different by-products. On the other hand, BB-46 stood out at 48 h for passion fruit 

and at 24 h for mango, orange, and acerola, and TA-40 did not stand out at 24 h for the passion 

fruit by-product, in which the strain showed growth promotion after 48 h of incubation. 

Therefore, the results of the present study reinforce the fact that the fermentation and 

the potential modulation of individual strains possibly present in the gut microbiota may be 

influenced by different growth conditions and the availability of nutrients. This was also 

demonstrated by Albuquerque et al. (2016), when investigating the effect of the same vegetable 
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substrates on folate production by the same probiotic and starters employed herein. The authors 

observed that culture media supplemented with the orange by-product increased the folate 

production in all strains evaluated, with increments in folate contents varying between 8 ng/mL 

and 748 ng/mL, due to the presence of, respectively, Lactobacillus paracasei F19 and 

Lactobacillus reuteri RC-14. The authors reported high folate production by Bifidobacterium 

longum BB-02 and BB-46 in the presence of different by-products and amaranth flour, with 

BB-02 reaching increments of 1223 ng/mL in the folate content in the presence of amaranth 

flour. Following this line, Espírito Santo et al. (2012) studied probiotic yoghurts with fibres 

from fruit by-products and observed that banana and apple fibres increased the viability of B. 

animalis Bl04, HN019, and B94 and of L. acidophilus L10, whereas passion fruit fibre did not 

show any effect. Supplementation with banana, apple, and passion fruit fibres did not show any 

influence on St. thermophilus populations. In contrast, we observed an increased growth for all 

strains studied in the presence of the passion fruit by-product. An increased growth in the 

presence of passion fruit and mango by-products, as well as amaranth flour, was observed for 

St. thermophilus TH-4 and ST-M6, and in the presence of passion fruit, mango, and orange by-

products for TA-40. Since the yogurt is a more complex matrix, the simple carbohydrates 

present, in the case of Espírito Santo et al. (2012), were probably sufficient for maintaining the 

Streptococcus thermophilus viability, thus not requiring the use of fruit by-products, different 

from the culture media used in the present study, where the main source of carbohydrates was 

one of the by-products tested, or amaranth. 

Among the vegetable substrates evaluated, orange and passion fruit by-products 

presented the highest stimulus for the growth of all strains. Although the acerola by-product 

promoted lower growth in these strains, this substrate showed a high selectivity for beneficial 

strains over undesirable bacteria, in the case of the present study E. coli and Cl. perfringens. 

Besides, media supplemented with passion fruit by-product, okara, and amaranth flour 

stimulated the growth of these strains, which might be a drawback in their application as 

potential prebiotic ingredients. In this context, orange, mango, and acerola by-products could 

be used as promising candidates for novel sources of prebiotic ingredients, helping to minimize 

the problem of suitable food processing, thereby reducing the accumulation of agricultural 

waste. Additionally, this study suggests that selective fermentation is strain-dependent and 

influenced by the type of substrate available for bacterial growth. Further studies, involving the 

effects of fruit by-products, okara, and amaranth on the composition and metabolism of bacteria 

from the gut microbiota are required. Nonetheless, the present study elucidates which of the 
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vegetable substrates studied are more promising for the application in future studies with gut 

microbiota. 
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ABSTRACT 
Thirteen food-grade strains (seven Lactobacillus, three Bifidobacterium, and three Streptococcus 
thermophilus strains) were screened for capacity to hydrolyse cow’s milk and soy proteins; ferment 
raffinose; and deconjugate bile salts (BSD) for application in a fermented soy beverage (FSB) produced 
with acerola by-product (ABP). None of the tested strains presented any proteolytic activity. 
Streptococcus thermophilus TH-4 presented the best growth rates in the presence of raffinose. Amongst 
lactobacilli and bifidobacteria strains, the best bile salt deconjugation (BSD) activities were observed 
for L. acidophilus LA-5 and B. longum BB-46, respectively. LA-5 and BB-46 were also tested for their 
effect on technological features and sensory acceptability of a fermented soy beverage (FSB) produced 
with acerola by-product (ABP). BB-46 and ABP negatively affected FSB acceptability. ABP also led to 
significant differences in FSB instrumental texture (P<0.05). Besides, the presence of ABP influenced 
in the product’s moisture (P<0.05), leading to an increase in firmness and decreasing its sensory 
acceptability. These facts did not influence the beverage's purchase intention since FSB4 (the beverage 
containing ABP) obtained the best scores for this criteria.  

 
Keywords: acerola by-product, bile salt hydrolyses, fermented soy products, probiotic, sensory 
acceptability 
 

Highlights: 
 L. acidophilus LA-5 and B. longum BB-46 were able to deconjugated bile salts; 
 S. thermophilus TH-4 presented high growth rates in the presence of raffinose; 

 None of the tested strains presented proteolytic activity; 

 Fermented soy beverage presented high contents of linoleic acid; 

 Acerola by-product and B. longum reduced the sensory acceptability of soy beverages. 
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1. INTRODUCTION 

The first processed foods consumed by humans were fermented products. 

Biotransformation that takes place during fermentation leads to the modification of the raw 

material into a new product. Besides, these processes are also able to increase the nutritional, 

sensorial, and functional proprieties of the food products (Marco et al., 2017). During the last 

decades, the use of beneficial bacteria as probiotic strains in fermented products, especially 

dairy products, has been exhaustively explored by researchers and food industries. However, 

some factors such as the increase of vegetarianism, lactose intolerance, cow’s milk allergy and 

the high amounts of cholesterol from dairy products, are increasing the interest towards vegetal 

products and leading to a gradual change in the market and the research of probiotics 

(Farnworth et al., 2007, Vinderola, Burns, & Reinheimer, 2017).  

Studies have been reporting that vegetable-based products as fruit juices, vegetable 

"milk" (from soy and cereals), and tea are great alternatives to substitute milk as vehicles of 

probiotics (de Lacey, Pérez-Santín, López-Caballero, & Montero, 2014, Farnworth et al., 2007, 

Rivera-Espiniza & Gallardo-Navarro, 2010). Proteins, polyunsaturated fatty acids, dietary 

fibre, and isoflavones are amongst the main functional compounds found in soy-based foods 

which are known to promote health. Moreover, these compounds present an important role in 

the reduction of the risk of cardiovascular diseases and hypercholesterolemia (Bedani, Vieira, 

Rossi, & Saad, 2014, Bedani et al., 2015, Fukuda, Kobayashi, & Honda, 2017). However, 

soybean protein presents high amounts of enzyme inhibitors, such as proteinase and trypsin 

inhibitors, which can reduce its digestibility. Fermentation processes may improve the 

digestibility of soy proteins since the proteolytic enzymes produced by the microbial 

populations can hydrolyse these proteins (Sanjukta & Rai, 2016). In addition, the fermentative 

process can generate secondary metabolites of great technological and functional interest, such 

as proteolytic enzymes and bioactive peptides. Some authors have reported the antihypertensive 

effect of fermented soy products, the production of peptides with antioxidant activity and the 

reduction of the allergenicity of milk proteins (Lee & Hur, 2017, Pihlanto & Kornonen, 2015). 

The presence of bioactive peptides with antioxidant and angiotensin converting enzyme-

inhibitory activity in soy “milk” fermented by Lacobacillus plantarum C2 was reported by 

Singh & Vij, (2017). The authors observed high L. plantarum in soy “milk” growth rates, 

followed by the generation of some bioactive peptides. Additionally, the fermentation of water-

soluble soy extract by probiotic microorganisms may improve its palatability, increase its 

functional proprieties and reduce the levels of non-digestible oligosaccharides like raffinose 

and stachyose, responsible for flatulence, abdominal cramps and bloating feeling (Battistini, et 
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al., 2018, Bedani, Campos, Castro, Rossi, & Saad, 2013, Bedani et al., 2014, 2015, Singh & 

Vij, 2017, Yeo & Liong, 2010). Combined with the interesting functional properties of soy 

components, the use of probiotic bacteria that present one or more mechanisms of reduction of 

serum cholesterol represents a strategy in the prevention and treatment of hypercholesterolemia. 

Among these mechanisms, the production of bile salt hydrolases (BSH) is one of the most 

exploited and both in vitro and in vivo studies are used for this purpose. BSH is responsible for 

the de-conjugation of bile salt. The production of these enzymes by commensal bacteria plays 

a chief role on their colonization and survival in the mammalian intestine (Chand et al., 2017) 

and is considered as one of the main criteria in the selection of new potential probiotics bacteria 

(Pavlović, Stankon, & Mikor, 2012, Shehata, El Sohaimy, El-Shan, & Youssef, 2016). The 

consumption of products containing BSH-producing LAB can lead to the deconjugation of free 

bile salts, which are easily excreted in faecal material since they are less soluble (Sridevi, 

Vishwe & Prabhune, 2009). In an in vivo study, Joyce et al. (2014), reported a significant 

influence of BSH-producing bacteria in the regulation of cholesterol levels and weight gain of 

the mice. 

The production of food waste covers the whole life cycle of a food, from its agricultural 

production, through the processing industry, the retail market, and even the final consumer. In 

developed countries, industrial production generates around 39% of all food waste in the 

production chain, consequent to the processing of foods (Galanakis, 2013). Agricultural by-

products were considered for many years as undervalued substrates, generating major problems 

with the need for their treatment and disposal in the environment, which involves the use the 

several forms of energy, water, and other factors. It is estimated that every year millions of tons 

of residues, with great potential for utilization, are generated from the processing of fruits and 

vegetables (Galanakis, 2013, Kowalska, Czajkowska, Cichowska, & Lenart, 2017). Vegetable 

by-products represent an abundant source of bioactive compounds, such as dietary fibre, 

phenolic compounds, antioxidants, polyunsaturated fatty acids, vitamins, and minerals. Thus, 

these by-products could represent a great option to develop new ingredients to be employed in 

the innovative food production (Kowalska et al., 2017). Acerola (Malpighia emarginata D.C.), 

belongs to the family Malpighaceae and is a fruit native to West India and tropical South 

America. When fully mature, it presents contents ranging from 1000 to 2000 mg 100 g-1 of 

vitamin C, significant amounts of pectin, dietary fibre, carotenoids, anthocyanin, and phenolic 

compounds (Mohammed, 2011; Paz et al., 2015, Rochette et al, 2013). Studies have reported 

that acerola by-product presents high concentrations of bioactive compounds with favourable 

characteristics to the consumer’s health and well-being. Among these bioactive compounds, 
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dietary fibres, vitamin C, and polyphenols contents stand out (Duzzeioni, Lenton, Silva, & 

Barroso, 2013, da Silva, Cazarin, Batista, & Maróstica Jr., 2014). Vieira, Bedani, Albuquerque, 

Biscola & Saad (2017) observed that acerola by-product represents a great option as a new 

potentially the prebiotic ingredient. The authors reported a selective growth of beneficial 

bacteria in presence of acerola by-product and an inhibition of harmful bacteria representative 

of the intestinal microbiota (Escherichia coli and Clostridium perfringens). In view of what 

was described above, the aim of this study was to evaluate the ability of 13 food-grade strains 

to ferment raffinose, to hydrolyse milk and soy proteins and to deconjugate bile salts. We 

selected ten probiotic strains (seven belonging to the lactobacilli genus and three belonging to 

the bifidobacteria genus) and three starter cultures (belonging to the Streptococcus 

thermophilus species). The selected lactobacilli and bifidobacteria strains were employed, in 

co-culture with the selected S. thermophilus strain, in the production of fermented soy 

beverages supplemented with acerola by-product. The effect of probiotic bacteria and acerola 

by-product in the technological and sensorial characteristics of these beverages was also 

evaluated. 

 

2. MATERIAL AND METHODS 

 2.1. Microorganisms and culture conditions 

The food-grade Lactobacillus spp. and Bifidobacterium spp., as well as Streptococcus 

thermophilus (starter culture) strains used were supplied by Chr. Hansen located at Hørsholm, 

Denmark, except for the S. thermophilus TA-40 strain, which was supplied by DuPont (São 

Paulo, Brazil). The cultures were activated at 37 ºC for 24 h in the specific broth for each strain 

(Table 3.1). 

 

2.2. Determination of bile salt deconjugation ability  

The evaluation of bile salt deconjugation ability of the probiotic and starter strains was 

performed according to Ugarte, Guglielmotti, Giraffa, Reinheimer, and Hynes (2006). Fresh 

cultures of each strain were pour-plated on specific culture medium (Table 3.1), individually 

supplemented with 0.5% (w/v) of the sodium salts of taurocholic acid (TC), taurodeoxycholic 

acid (TDC), glycocholic acid (GC), and glycodeoxycholic acid (GDC) (Sigma-Aldrich, St. 

Louis, MO, USA), followed by incubation (48 h at 37 ºC) in aerobic conditions for all 

Streptococcus thermophilus strains and in anaerobic conditions for the Bifidobacterium and the 

Lactobacillus strains (AnaeroGenTM, Oxoid, Basignstoke, UK). The formation of opaque or 

“cotton-flakes-like” halos around of colonies was verified, indicating a positive activity for bile 
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salt deconjugation. The trials were performed using five independent inocula and two plates for 

each bile salt, in a total of 10 plates for each strain and bile salt. 

 

Table 3.1 Probiotic and starter strains, and their cultivation conditions. 

Species  
Strain 
code 

Culture broth Culture agar 
Temperature 
of incubation 

Incubation 
conditions 

Lactobacillus (L.) strains 

L. acidophilus  LA-5 MRS1 MRS-maltose4 37 ºC Aerobic 

L. fermentum  PCC MRS MRS5 37 ºC Aerobic 

L. reuteri  RC-14 MRS MRS 37 ºC Aerobic 

L. rhamnosus  GR-1 MRS 
MRS pH set 

5.46 37 ºC Aerobic 

L. rhamnosus  LGG MRS 
MRS pH set 

5.4 
37 ºC Aerobic 

L. paracasei subsp. paracasei  F-19 MRS 
MRS pH set 

5.4 
37 ºC Anaerobic9 

L. paracasei subsp. paracasei 
L. casei  

LC-431 MRS 
MRS pH set 

5.4 
37 ºC Anaerobic 

Bifidobacterium (B.) strains 

B. animalis subsp. lactis  BB-12 
MRS cysteine2 
(0.05%, w/v) 

LP-MRS7 37 ºC Anaerobic 

B. longum subsp. infantis  BB-02 
MRS cysteine 
(0.05%, w/v) 

LP-MRS 37 ºC Anaerobic 

B. longum  BB-46 
MRS cysteine 
(0.05%, w/v) 

LP-MRS 37 ºC Anaerobic 

Streptococcus (S.) thermophilus 

S. thermophilus  TH-4 HJ glucose3 M178 37 ºC Aerobic 

S. thermophilus  ST-M6 HJ glucose M17 37 ºC Aerobic 

S. thermophilus  TA-40 HJ glucose M17 37 ºC Aerobic 
1DeManRogosa-Share broth (MRS, Oxoid, Basignstoke, UK); 2MRS broth (Oxoid) supplemented with HCl cysteine (0.05%, w/v, 
Sigma-Aldrich, St. Louis, USA) [according to Vinderola, Prosello, Ghiberto, & Reinheimer (2000)]; 3Hogg-Jago glucose broth 
[Blomqvist, Steinmoen, & Håvarstein, (2006)]; 4MRS supplemented with maltose in substitution of glucose [according to IDF, 
(1995)]; 5MRS agar (Oxoid); 6MRS agar (Oxoid) pH set 5.4 with acetic acid 3 M [according to Butiri, Cardarelli, & Saad, (2007)]; 
7MRS agar (Oxoid) supplemented with 3 g/L of sodium propionate (Sigma-Aldrich) and 2 g/L of litium chlorate (Merch) [according 
to Vinderola et al., (2000)]; 8M17 agar (Oxoid) [according to Richter & Vedamuthu, (2001)]; 9Anaerobic system AnaeroGemTM 
(Oxoid). 

 

 

 2.3. Determination of the proteolytic activity of probiotic and starter strains  

The proteolytic activity of probiotic and starter cultures (Table 3.1) was evaluated as 

described by El-Ghaish et al. (2010), using UHT skim milk (Molico, Nestle, Caçapava, SP, 

Brazil) and a solution (2% w/v) of defatted soy extract (Provesol IF, Olvebra, RS, Brazil). 

Briefly, the strains were reactivated (overnight at 37 ºC) twice in their specific broths, cells 

were collected and washed from the media by centrifugation (10,000 xg at 5 min, 4 ºC, Sigma 

6-16K, Germany) and resuspended in the same volume of sterile saline solution (0.85% NaCl, 
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w/v). These cell suspensions were inoculated (5%, v/v) in skim milk and soy extract solution 

and the mixtures were incubated at 37 ºC for 24 h. After incubation, the mixtures were 

submitted to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to 

observe the occurrence of proteolysis. SDS-PAGE was performed according to Laemmli (1970) 

using a vertical slab electrophoresis cell (BIORAD Mini PROTEAM 3 System, Hercules, CA, 

USA). The occurrence of proteolysis was evidenced by the reduction in the intensity of the 

colour of the bands representing milk and soy protein fractions. 2.4. Evaluation of bacterial 

growth using different carbohydrates  

The ability of each strain to ferment glucose, fructose, sucrose, raffinose (Sigma-

Aldrich, St. Louis, USA) and lactose (Oxoid, Basingstoke, UK)], and prebiotic fibres [inulin 

HP, inulin GR, and fructooligosaccharide –FOS P95 (Beneo, Orafti, Oreye, Belgium)] was 

performed as described by García-Cayuela et al. (2014), Ryu, Kim, Park, Lee, and Lee (2007), 

and Watson et al. (2013). Fresh cultures of each strain (obtained as described in Table 3.1), 

were individually inoculated (4-5 log CFU) in a formulated modified DeMan-Rogosa-Sharpe 

broth with phenol red (mMRS, Ryu et al., 2007), individually supplemented with 0.5% (w/v) 

of each carbohydrate. Non-supplemented mMRS broth was also inoculated and used as 

negative control. The growth of Lactobacillus spp. and Streptococcus spp. strains were 

monitored in sterile 96-well plates (200 µL of culture per well), using a spectrophotometer 

reader and incubator (Multiskan FC model 357, Thermo Scientific, China), in the following 

conditions: optical density reading at 620 nm (OD620nm) every 60 min, for 24 h in aerobic 

conditions. For Bifidobacterium spp. strains, incubation was carried out in anaerobic conditions 

(AnaeroGenTM Anaerobic System, Oxoid) and the absorbance was read (620 nm) in a 

spectrophotometer (Ultrospec®2000, Pharmacia Biotec, Brazil), after 0 h and 24 h, at 37ºC. 

The absorbance results for all strains after 0 h and 24 h were converted into log CFU/mL, using 

growth curves obtained for each microorganism. 

 2.5. Fermented soy beverage production with the application of the selected probiotic and 

starter cultures 

2.5.1. Fresh bacterial cultures and acerola by-product origin 

The acerola by-product (Malpighia emarginata D.C.) was supplied by a fruit 

processing company located in São Paulo (Brazil) and further processed to obtain the by-

product (fine powder, <0.42 mm) as described by Vieira et al. (2017). The selection of the 

bacterial cultures to be used in the fermentation of the soy beverages was based on their abilities 

to ferment raffinose and deconjugate bile salts. According to these criteria, Lactobacillus 

acidophilus LA-5, Bifidobacterium longum BB-46, and Streptococcus thermophilus TH-4 were 
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selected. The strains were activated with two successive transfers from stock cultures to the 

following media: MRS broth (Oxoid) for LA-5; MRS broth (Oxoid) containing L-cysteine 

hydrochloride hydrate (0.05%, w/v, Sigma-Aldrich, Germany) for BB-46; and Hogg-Jago 

glucose broth (HJ) for TH-4. The inoculated media were incubated for 24 h at 37 ºC in aerobic 

conditions, except for BB-46, incubated in anaerobic jars with an anaerobic generator system 

(AnaeroGen®, Oxoid). After the second incubation, the inoculum was washed twice in sterile 

saline solution (NaCl, 0.85%, w/v), cells were collected by centrifugation at 8,600 gx for 10 

min and stored in an ice bath until the production of the fermented soy beverage. 

 

2.5.2. Experimental design and production of the fermented soy beverages. 

A 23 factorial randomized design was employed for the production of the fermented soy 

beverages (FSB). Eight pilot-scale production trials were performed, in triplicates, in order to 

evaluate the addition of: Lactobacillus acidophilus LA-5 (Chr. Hansen), as Factor 1 (X1); 

Bifidobacterium longum BB-46 (Chr. Hansen), as Factor 2 (X2); and the acerola by-product 

(ABP), as Factor 3 (X3). The trials were evaluated considering two levels (presence or absence) 

during the production of FSB, according to Table 3.2. All FSB were fermented with the starter 

culture Streptococcus thermophilus TH-4. 

 

Table 3.2. Description of the fermented soy beverage formulations studied, employing a 23 
factorial randomized design. 

Fermented 
soy 

formulations 

Variables tested 

Lactobacillus acidophilus 
LA-5 

Bifidobacterium longum 
BB-46 

Acerola by-product 

X1 X2 X3 

FSB1 - - - 

FSB2 + - - 

FSB3 - + - 

FSB4 - - + 

FSB5 + + - 

FSB6 + - + 

FSB7 - + + 

FSB8 + + + 

+ = presence - = absence 
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2.5.3. Production of fermented soy beverages 

Each of the eight pilot-scale FSB formulations was produced in batches of 2.5 L, in 

triplicates (three randomized different batches of the same formulation, using new soluble soy 

extract and inoculum). For the mixture and pasteurization of the soy base for the fermentation, 

a Mixer Thermomix® (Vorwerk International Strecker & Co, Switzerland) was used. The 

soluble soy extract (Mais Vita Pura Soja, culinary use, Yoki®, Pouso Alegre, MG, Brazil) was 

heated in constant agitation, up to 50 ºC, and added of sucrose (50 g/L, Coopersucar-União, 

Limeira, SP, Brazil) and dextrose monohydrated ST (10 g/L, Roquette, France). Heating 

continued until 80 ºC when carrageen gum (1 g/L, ETM3, Agargel Ind. e Com, Ltda, São Paulo, 

SP, Brazil) and soy extract powder (Yoki®) was added and mixed again until complete 

dissolution. When the mixture achieved 90 ºC, it was pasteurized (5 min at 90 ºC). For 

formulations FSB4, FSB6, FSB7, and FSB8 (Table 3.2), the ABP powder was added just before 

the pasteurization step. After, all soy bases were cooled in an ice bath up to 37 ºC, inoculated 

with the cells prepared as described in section 2.4.1, and incubated at 37 ºC in a B.O.D. 

incubator (TE-391, Tecnal®, São Paulo, Brazil), until achieving pH 5.5. Afterward, the 

fermented base was cooled to 4 ºC and kept at this temperature for approximately 16 h, when 

concentrated acerola juice (100 g/kg of fermented base) was added and mixed. The FSB was 

packaged in plastic containers and sealed with metallic covers with varnish in a sealer (Delgo 

Nr, 1968, Delgo Metalurgica, Cotia, Brazil). The products were stored at 4 ºC for 28 days. 

2.6. Physical-chemical and microbiological assays  

Moisture, protein (Nx6.25), and ash were determined according to the methods 

described by the IAL (2008). The lipid fraction was determined according to Bligh & Dyer 

(1959). Carbohydrates content was calculated by the difference to reach 100 g of total contents. 

Titratable acidity was performed by titration with an alkaline solution (0.11 N, NaOH), and 

expressed as % of lactic acid (m/v), according to AOAC method 16.023 (AOAC, 1984). After 

separation and quantification of the lipid content, the fatty acids were transformed in methyl 

esters, according to Hartman and Lago (1973), and the fatty acids profile was performed in a 

Varian GC gas chromatographer, model 430 GC, equipped with an automatic injector.  

For the assessment of the microbiological quality and safety of the FSB used in sensorial 

test, determinations of Bacillus cereus, Salmonella spp., Staphylococcus DNAse positive, 

molds and yeasts, as well as thermotolerant microorganisms and total coliforms, were 

performed by the Food Microbiology Laboratory of the School of Pharmaceutical Sciences of 

University of São Paulo (São Paulo, Brazil), using the methods described by American Public 

Health Association (2001). 
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2.7. Instrumental texture profile (TPA) analysis and sensory evaluation 

TPA was determined in quintuplicate samples of each batch (five different pots of the 

same batch), weekly up to 28 days of storage (4 ºC) with a TA-XT Plus Texture Analyser 

(Stable Micro Systems, Hasleme, UK), as described by Bedani et al. (2013). 

Sensory analyses of the FSB were performed on 7 and 21 days of storage. Each 

fermented soy beverage was evaluated through the acceptability test, using the hybrid hedonic 

scale (0 = extremely disliked, 5 = neither liked nor disliked, 10 = extremely liked) (Buriti, 

Castro, & Saad, 2010). On each sampling day, 50 consumers (volunteers - untrained panelists) 

of the University of São Paulo, including teachers, students, and staff, were recruited, based on 

their interest and soy products consuming habits. During a session, each volunteer analysed 

three samples delivered monadically, containing approximately 20 g of FSB, and codified with 

three random digits. A total of 800 samples of FSB were evaluated by 284 volunteers (66.20% 

female and 33.80% male) aged from 18 to 58 years. Several volunteers participated in more 

than one session. The volunteers were instructed to report the sensorial attributes related to 

flavour, aroma, appearance, texture, and overall aspects, as well as purchase intention. The 

sensory analysis was approved by the Ethical Committee of the School of Pharmaceutical 

Science of the University of São Paulo (CAAE: 50569215.6.0000.0067). 

 

2.8. Statistical analysis  

To verify the normality and homoscedasticity of data, respectively, Shapiro-Wilk and 

Bartlett tests were used. Analysis of variance (ANOVA) was used for data to which normality 

and homoscedasticity were observed, and the Tukey’s test was used for means comparison, in 

a 95% of confidence level. Data that did not show normality and homoscedasticity, a non-

parametric ANOVA test of Kruskal-Wallis was used, combined with a Fisher LSD test for 

means comparison. The statistical package employed was Statistica 13.0 (StatSoft, Tulsa, OK, 

USA), the data were expressed as means ± standard deviation (SD). The Pearson correlation 

analysis was performed, and the Spearman correlation matrix was used for the comparing each 

sensory parameter (overall acceptance, appearance, aroma, flavour, and texture) with purchase 

intention. Principal Components Analysis was performed to evaluate the relations between the 

eight pilot-scale-marking formulations of the 23 factorial design (L. acidophilus LA-5, B. 

longum BB-46 and acerola by-product) and the sensory attributes in general (scores of 7 days 

plus 21 days of storage) and the effect of the storage period (7 and 21 days) independently. 
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Covariance was the matrix type used in the mapping. For this purpose, the XLSTAT 2017 

software was employed. 

 

3. RESULTS AND DISCUSSION 

3.1.Screening of probiotic and starter cultures 

3.1.1. Bile salt deconjugation ability  

Ten probiotics and three starter strains (Table 3.1) were evaluated for their ability to 

deconjugate the following bile salts: taurocholic acid (TC), taurodeoxycholic acid (TDC), 

glycocholic acid (GC), and glycodeoxycholic acid (GDC), all in their sodium-salt forms and at 

a concentration of 0.5% (w/v) as shown in Table 3.3. All Lactobacillus and S. thermophilus 

strains had their growth inhibited in the presence of GDC. On the other hand, Bifidobacterium 

strains were able to grow in the presence of all tested bile salts. We observed that the ability to 

produce bile salt hydrolases is a strain-specific trait that cannot be extrapolated to genus or 

species. While B. longum BB-46 was able to deconjugate all tested bile salts, the same results 

were not observed for B. longum subsp. infantis BB-02 and B. animalis subsp. lactis BB-12. 

Similarly, Liong and Shah (2005b) observed the higher production of bile salt hydrolases for 

different Bifidobacterium species. Other authors have also reported that bile salts deconjugation 

is a strain-dependent characteristic (Pereira, McCartney, & Gibson, 2003, Tanaka, Doesburg, 

Iwasaki, & Mierau, 1999). Among the tested Lactobacillus strains, the ability to produce bile 

salt hydrolyses was more specific than it was for Bifidobacterium strains since both L. 

acidophilus LA-5 and L. reuteri RC-14 presented the ability to deconjugate bile salt (Table 

3.3). These results are in agreement with those published by Liong and Shah, (2005a), who 

observed that L. acidophilus strains showed higher deconjugation ability than L. casei strains. 

In contrast with the results found in the present study for strains of the group L. casei (L. 

rhamnosus LGG and GR-1; L. paracasei F-19 and LC-431), several studies reported that strains 

belonging the species L. casei, L rhamnosus, and L. paracasei presented higher abilities of bile 

salt deconjugation, among other mechanisms for cholesterol reduction (Brashears, Gilliland, & 

Buck, 1998, Santos et al., 2015, Liong & Shah, 2005a, Miremadi, Ayyash, Sherkat, & 

Stojanovska, 2014). 
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Table 3.3. Growth and deconjugation of bile salts (0.5%, w/v) by probiotic and starter strains.  

Strains1 
Bile salt 

GC GDC TC TDC 

LA-5 g+ ng g+ g+ 

PCC g ng g g 

RC-14 g+ ng g+ g 

LGG g ng g g 

GR-1 g ng g g 

F19 g ng g g 

LC-431 g ng g g 

BB-12 g+ g+ g+ g 

BB-46 g+ g+ g+ g+ 

BB-02 g g+ g g+ 

TH-4 g ng g g 

ST-M6 g ng g g 

TA-40 g ng g g 
Glycholic acid (GC); glycodeoxycholic acid (GDC); taurocholic acid 
(TC); taurodeoxycholic acid (TDC). ng no growth; g growth; g+ 
growth and bile salt deconjugation; 1 See Table 3.1 for the description 
of strains.  

 

3.1.2. Proteolytic activity 

In the present study, ten probiotic strains and three Streptococcus thermophilus strains 

(see Table 3.1) were evaluated for their proteolytic activity against cow milk and soy proteins 

(Figure 3.1). 
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Figure 3.1. Skim milk UHT protein profiles (A, B), and soy extract proteins profiles (C, D), obtained 
by SDS-PAGE electrophoresis, after inoculation with different probiotic and starter strains. W = 
molecular weight (kDa); C+ = Positive control (Enterococcus faecalis VB63F); C- = Negative control 
(soy extract or skim milk, treated in same conditions of test samples, but after inoculation with saline 
solution (NaCl, 0.85%, w/v) in the place of bacterial strains. See Table 3.1 for the description of strains. 

 

This assay was performed based on the hypothesis that, if any of the tested strains 

presented proteolytic activity against soy proteins this strain would be selected and employed 

in the development of a probiotic fermented soy beverage. We hoped that during the 

fermentation the protein hydrolysis could lead to a reduction in the allergenicity of soy proteins 

and to the generation of bioactive peptides with, for example, antihypertensive and antioxidants 

potential. However, none of the evaluated strains presented proteolytic activity against milk and 

soy proteins, as can be seen in Figure 3.1. No reduction in the bands' intensity representing 

milk and soy proteins was observed for the samples treated with probiotic and S. thermophilus 

strains. Since the environments in which lactic acid bacteria grow are rich in several nutrients 

like sugars and proteins, most LAB are auxotrophic for a large number of amino acids and 

vitamins (Teusink & Molenaar, 2017). Thus, the results suggest that the tested strains used the 

putative free amino acids present in the milk and soy matrices, and therefore, did not require 

protein hydrolysis for growth. Song et al. (2008) studied the reduction of the immunoreactivity 

of commercial soybean products containing strains of L. plantarum CECT (ATCC 14917), B. 

lactis BB-12 and Saccharomyces cereviseae IFI 87. After SDS-PAGE of fermented samples, 

no proteolysis was observed, but the authors reported that all commercial fermented products 

showed very low immunoreactivity against soybean proteins. 
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3.1.3. In vitro carbohydrates fermentation 

The population changes between 0 h (before incubation) and 24 h of incubation, for 

each strain grown in mMRS media supplemented with different carbohydrates, are presented 

in Table 3.4. Among the Lactobacillus strains grown in the presence of raffinose, L. fermentum 

PCC and L. reuteri RC-14 presented the highest population changes, followed by L. acidophilus 

LA-5. RC-14 presented the higher maximum growth rate (data not shown). The populations of 

L. paracasei F19 and L. rhamnosus LGG were not significantly different (P>0.05) from the 

negative control (described above, item 2.4). In a study using soluble soy extract, LeBlanc, 

Garro, & Savoy de Giori (2004) observed that L. fermentum strains presented high consumption 

of raffinose, with the great production of organic acids when the pH of the matrix was 5.5. 

Regarding Bifidobacterium strains, B. longum BB-46 presented the highest change in 

population in the presence of raffinose, while B. longum BB-02 population change after 24h of 

incubation was very similar to the negative control. Hou, Yu, and Chou (2000) verified that the 

fermentation of soy milk by B. longum BB-46 and B. infantis CCRC 14633 lead to a reduction 

in the concentrations of raffinose and stachyose. S. thermophilus TA-40 and TH-4 were able to 

grow in the presence of the majority of the tested carbohydrates, but S. thermophilus TH-4 

presented the highest growth in mMRS with raffinose. Wang, Yu, Yang & Chou (2003) studied 

the effect of fermentation on the sugar contents of soymilk and observed that S. thermophilus 

CCRC 14085, alone or in combination with Bifidobacterium strains, presented a significant 

consumption of raffinose and stachyose, but L. acidophilus CCRC 14079 only showed a 

significant reduction of both carbohydrates when in combination with Bifidobacterium strains. 

In general, the tested Bifidobacterium and Streptococcus thermophilus strains did not grow or 

their growth was very similar to the negative control in the presence of the fructans tested. 

Among Lactobacillus strains, only F19 grew in the presence of all fructans (fructo-

oligosaccharade-FOS, Inulins GR, and HP). Watson et al. (2013), studying the growth of 

several Bifidobacterium and Lactobacillus strains, also observed that BB-12 and the B. longum 

strains did not grow significantly in the presence of inulin and FOS. 
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Table 3.4. Changes (from 0 h to 24 h) in the populations of probiotic and starter cultures (log CFU/mL)1 after the fermentation in mMRS containing 
different carbohydrates (see Table 3.1 for description of strains). 

Strains 
Carbohydrates 

Glucose Fructose Sucrose Lactose Raffinose FOS Inulin-GR Inulin-HP 

Lactobacillus 

LA-5 3.95 (0.50)ABa 4.02 (0.73)Aa 3.64 (0.52)Aab 2.82 (0.62)Dcd 2.73 (0.52)BCcd 3.18 (0.51)ABbcd 3.38 (0.86)Aabc 2.46 (0.83)BCd 

PCC 3.64 (0.66)BCa 3.13 (0.44)Aab 3.57 (0.50)Aa 3.33 (0.19)BCa 3.33 (0.83)ABa 2.45 (0.98)CDbc 2.04 (0.27)BCc* 1.86 (0.69)Cc* 

RC-14 1.20 (1.07)Dc* 1.25 (1.33)Bc* 2.64 (0.09)Bab 3.03 (0.27)Ba 3.58 (0.42)Aa 1.68 (0.47)Dbc 1.47 (1.74)Cc 1.36 (0.90)Cc* 

LGG 3.73 (0.60)ABCa 3.15 (0.55)Aab 1.10 (1.35)Ce# 1.25 (0.39)Ede* 2.09 (0.49)Ccd* 2.97 (0.68)ABCabc 2.26 (1.06)ABCbc* 3.00 (0.91)Babc 

GR-1 3.28 (0.46)Ca 3.26 (0.55)Aa 2.48 (0.29)Bb 3.23 (0.01)ABa 2.43 (0.54)Cb 1.77 (0.13)Dc 2.09 (0.25)BCbc 2.37 (0.04)BCb 

F19 4.17 (0.58)Aa 3.81 (0.64)Aab 3.57 (0.31)Aabc 3.35 (0.32)Abcd 2.77 (0.27)BCd* 3.88 (0.89)Aab 3.10 (0.76)ABcd 3.69 (0.38)Aabc 

LC-431 3.68 (0.46)ABCa 3.13 (0.58)Ab 2.41 (0.34)Bc 3.32 (0.23)ABab 2.57 (0.57)BCc 2.49 (0.19)BCDc 3.20 (0.12)ABab 3.65 (0.75)Aab 

Bifidobacterium 

BB-12 2.99 (0.15)Ba 2.96 (0.10)Ba 2.46 (0.11)Bb 1.71 (0.17)Bd* 2.41 (0.05)Bb 2.37 (0.22)Bb 2.03 (0.10)Ac 1.97(0.24)Bc* 

BB-46 3.62 (0.16)Aa 3.53 (0.10)Aa 3.08 (0.11)Ab 3.06 (0.18)Ab 3.08 (0.12)Ab 1.42 (0.08)Cd# 2.16 (0.08)Ac* 2.29 (0.23)Ac* 

BB-02 3.08 (0.18)Bab 2.87 (0.13)Bc 2.92 (0.34)Abc 3.13 (0.42)Aa 2.40 (0.09)Bd* 3.32 (0.02)Aa 2.24 (0.14)Ad# 1.64 (0.15)Ce# 

Streptococcus thermophilus 
TH-4 2.88 (0.38)Acd 2.72 (0.97)Acd 3.55 (0.55)Aab 2.64 (0.28)Acd* 3.95 (1.16)Aa 3.13 (0.63)Abc 2.35 (0.57)Ad* 2.74 (0.56)Acd 

ST-M6 1.57 (0.53)Bab* 1.99 (0.19)Ba 1.92 (0.37)Ba 1.77 (0.18)Ba* 0.47 (0.75)Cc# 1.65 (0.15)Bab* 1.13 (0.41)Bb* 1.93 (0.10)Ba 

TA-40 2.60 (0.29)Aab 2.85 (0.38)Aa 2.46 (0.63)Bab 2.10 (0.10)ABb 2.31 (0.63)Bab 2.48 (0.32)Aab 2.50 (0.19)Aab 1.04 (0.49)Cc* 
A-D Different superscript capital letter in a column denote significant differences (P<0.05) between the Lactobacillus or Bifidobacterium or Streptococcus thermophilus strains for a same 
carbohydrate. a-f Different superscript lowercase letter in a row denote significant differences (P<0.05) for a same strain between the different carbohydrates. * Not significantly different (P>0.05) 
from the negative control (mMRS without the supplementation with carbohydrate). # Significantly lower populations (P<0.05) than the negative control (mMRS without carbohydrate 
supplementation). 
1Δpopulations = populations T24 (log CFU/mL) – populations T0 (log CFU/mL); T0 = initial populations (before incubation at 37 ºC); T24 = final populations (after incubation of 24 h at 37 ºC). 
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3.2. Technological and sensory acceptance of fermented soy beverages 

3.2.1. Physical-chemical characteristics and fatty acid profile of fermented soy beverages  

After screening of probiotic and starter cultures based on the ability of fermentation of 

raffinose and bile salt hydrolysis, L. acidophilus LA-5 and B. longum BB-46 presented 

deconjugation ability of a greater variety of bile salts, as well as a good growth in the presence 

of raffinose as also observed for S. thermophilus TH-4. Thus, these strains were employed, 

together with the acerola by-product, in the eight pilot-scale-marking formulations of FSB and 

their effect on technological and sensory characteristics of FSB was evaluated. The chemical 

composition of FSB is shown in Table 3.5. As expected, the moisture content was significantly 

influenced (P<0.05) by the presence of acerola by-product, since during the production of 

FSB4, FSB6, FSB7, and FSB8, a proportion of 2% of acerola by-product flour was added. The 

flour increased the dry matter content in these formulations, consequently reducing the 

moisture. However, the acerola by-product did not influence the fat, protein, and ash contents 

in whole samples (P>0.05). Previous results reported by Vieira et al. (2017) demonstrated that 

acerola by-product flour presented a low content of moisture and a high content of dietary fibre 

(~50%), which could explain the approximately 1% higher carbohydrate content and the 

reduction of moisture in FSB formulations added of this by-product. Espírito Santo et al. (2012) 

reported a similar reduction in moisture and increase in dietary fibre content in probiotic 

yoghurts added of fruit by-products when compared to the yogurt control formulation.  

The fatty acid composition of different fermented soy beverages is shown Table 3.6. 

A chromatogram of one of the samples is shown in Figure 3.2. The presence of acerola by-

product and of the probiotic strains did not influence the fatty acid profiles of the fermented soy 

beverages significant (P>0.05). Their fatty acid profiles showed the presence of the same fatty 

acids and in similar proportions as those reported by Dourtoglou et al. (2003) also for soy 

fermented products. The polyunsaturated fatty acid (PUFA) proportion was above 60% of the 

fatty acid composition for all FSB. In a meta-analysis of 60 selected trials, Mensink, Zock, 

Kester, and Katan (2003) reported that even small amounts of unsaturated fatty acids have an 

important effect on the ratio of total cholesterol/ HDL cholesterol. Linoleic acid was the more 

abundant fatty acid in all FSB, with concentrations of up to 55%. In the Dietary Reference 

Intake Report for Energy and Macronutrients published by the Institute of Medicine’s Food and 

Nutrition Board defines an adequate intakes of linoleic acid as 17 g/d for men and 12 g/d for 

women, which corresponds to 5% to 6% of the diet energy for people between 19 and 50 years 

old (Food and Nutrition Board, Institute of Medicine, 2017). Thus, the consumption of a portion 

of 100 mL of FSB corresponds to approximately 8% of the daily needs of n-6 PUFA for men 
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and 11.5% for women. Johnson & Fritsche (2012) suggested that n-6 PUFA, including linoleic 

acid, decreases the risk of cardiovascular disease as indicated by current dietary 

recommendations. Therefore, the FSB showed to be a great source of essential fatty acids with 

potential for reducing the risk of cardiovascular diseases. 

 

Table 3.5. The chemical composition of the different fermented soy beverages. 

Fermented 
soy 

beverages1 

Moisture 
(g/100 g) 

Ash 
(g/100 g) 

Protein 
(g/100 g) 

Fat 
(g/100 g) 

Total 
Carbohydrates2 

(g/100 g) 

FSB1 79.67 (0.09)B 0.69 (0.04)A 3.65 (0.39)A 2.32 (0.10)A 13.67 

FSB2 79.99(0.05)AB 0.69 (0.02)A 3.72 (0.10)A 2.34 (0.11)A 13.26 

FSB3 79.96(0.16)AB 0.71 (0.03)A 3.64 (0.07)A 2.34 (0.18)A 13.35 

FSB4 78.27(0.19)D 0.68 (0.02)A 3.64 (0,21)A 2.41 (0.25)A 15.00 

FSB5 80.06(0.06)A 0.66 (0.01)A 3.60 (0,07)A 2.43 (0.10)A 13.25 

FSB6 78.76(0.14)C 0.70 (0.00)A 3.71 (0.16)A 2.47 (0.13)A 14.36 

FSB7 78.64(0.11)C 0.68 (0.06)A 3.78 (0.10)A 2.57 (0.04)A 14.33 

FSB8 78.65(0.12)C 0.69 (0.07)A 3.73 (0.20)A 2.54 (0.06)A 14.39 
Values are expressed as means (standard deviation). A-D Different superscript capital letters in a row denote significant 
differences (P<0.05) between fermented soy beverages. 
1 See Table 3.2 for description of fermented soy beverages. 2 Total dietary fibres.  

 

Table 3.6. Fatty acid profile of different fermented soy beverage  

Fermented soy 
beverage1 

Fatty acid profile (%) 

Saturated Unsaturated 

C16:0 C18:0 C18:1 c9 C18:2 c9,c11 
C18:3 

c9,c12,c15 

FSB1 11.16 (0.08) 3.88 (0.18) 23.91 (0.02) 55.20 (0.52) 5.87 (0.22) 

FSB2 11.17 (0.04) 3.80 (0.37) 24.00 (0.09) 55.34 (0.10) 5.70 (0.03) 

FSB3 11.22 (0.09) 3.84 (0.13) 24.21 (0.06) 55.10 (0.28) 5.65 (0.01) 

FSB4 11.23 (0.12) 3.86 (0.18) 24.13 (0.25) 55.15 (0.56) 5.65 (0.01) 

FSB5 11.17 (0.01) 3.75 (0.06) 23.98 (0.02) 55.43 (0.01) 5.68 (0.06) 

FSB6 11.28 (0.11) 3.86 (0.00) 24.20 (0.00) 55.05 (0.06) 5.62 (0.03) 

FSB7 11.40 (0.05) 3.88 (0.01) 24.24 (0.08) 54.89 (0.01) 5.60 (0.00) 

FSB8 11.39 (0.06) 3.87 (0.05) 24.20 (0.08) 54.87 (0.06) 5.68 (0.01) 
Values are expressed as mean % (standard deviation). No significant differences between the fermented soy beverages were 
observed (P>0.05). 1 See Table 3.2 for description of fermented soy beverages.  
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Figure 3.2. Chromatogram of the fatty acid profile of fermented soy beverage FSB6 (see Table 3.2 for 
description of fermented soy beverage FSB6)  

 

Figure 3.3. illustrate the evolution of titratable acidity of fermented soy beverages. 

The experimental design influenced the changes in lactic acid concentrations during 

refrigerated storage (28 days at 4 ºC) (P<0.05). The most significant factor in the titratable 

acidity increase was the presence of B. longum BB-46, followed closely by the presence of L. 

acidophilus and of acerola by-product. The time of storage was significant (P<0.05) for all 

fermented soy beverages, except for FSB1 and FSB4, both without any of the probiotic strains. 

Similarly, Donkor, Henriksson, Vasiljevic, & Shah, (2007c) observed that fermented soy 

prepared with a yoghurt culture and a probiotic co-culture (L. acidophilus L10, B. animalis B94 

and L. casei L26) presented the highest increase in acidity when compared to fermented soy 

containing only the yoghurt culture. The FSB8, which presented all factors studied in the 

experimental design, had the highest titrable acidity values (P<0.05) among all the fermented 

soy beverages in almost all sampling periods, except for in the 21st day of storage, when it was 

the second more acid beverage. The greatest change between the first and the 28th day of 

storage was observed for FSB3 (0.61 g of lactic acid/100 g) and FSB5 (0.53 g of lactic acid/100 

g), which presented B. longum BB-46 alone and in co-culture with L. acidophilus LA-5, 

respectively, but both without acerola by-product. Similarly, increases in lactic acid 

concentrations in synbiotic vegetable soy beverages between the first and 28th day of storage 

were reported by Battistini et al. (2018). Ìçier, Gündüz, Yilmaz, and Memeli, (2015) noted that 

probiotic soy beverages containing apple juice increased during the storage period and the 

beverage with 15% of apple juice presented the highest acidity. However, Ìçier et al. (2015) and 
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Espírito Santo et al. (2012) observed that, after 14 days of storage, the acidity did not change. 

We observed that co-cultures of BB-46 and LA-5 did not favor the viability of both strains, 

which may have influenced the higher production of lactic acid when the strains were isolated, 

only together with S. thermophilus TH-4 (data not shown). 

 

 
Figure 3.3. Evolution in the titratable acidity (g of lactic acid/100 g) observed for the fermented soy 
beverages during refrigerated storage (28 days at 4 ºC). See Table 3.2 for the description of fermented 
soy beverages. A-F Different capital letters denote significant differences between fermented soy beverages for 
the same sampling period (P<0.05). a-c Different lowercase letters denote significant differences between different 
sampling periods of storage for the same fermented soy beverage (P<0.05). 

 

3.2.2. Microbiological parameters and TPA of fermented soy beverages 

Bacillus cereus, Salmonella spp. in 25 g, DNAse positive Staphylococcus, molds, and 

yeasts, as well as total coliforms and thermotolerant coliforms, were not detected in any of the 

FSB analyzed, indicating that all beverages were microbiologically safe for human 

consumption. Additionally, the population of S. thermophilus TH-4 ranged from 8 to 9 

CFU/mL, and L. acidophilus LA-5 and B longum BB-46 ranged from 7 to 8 log CFU/mL during 

28 days of refrigerated storage for all FSB (data not shown).  

The instrumental texture profile of FSB during refrigerated storage is shown in Table 

3.7. Each texture attribute was influenced significantly different (P<0.05) by the experimental 

design. 

In general, the presence of acerola by-product increased significantly (P<0.05) the 

firmness and gumminess of the fermented soy beverages. Similarly, Perina et al. (2015) 

reported a significant influence of the presence of passion fruit peel-powder in the firmness of 
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probiotic yoghurts. Bedani et al. (2013) noted that the presence of okara flour (soybean by-

product) contributed for significant changes in the texture profiles of the soy yogurt and the 

fibres present in this by-product might have contributed towards a higher firmness in soy 

yoghurt with okara. Pandey & Mishra (2015) observed that the presence of fructo-

oligosaccharides (FOS) increased the hardness of synbiotic soy yoghurt significantly. The 

presence of Lactobacillus acidophilus LA-5 increased springiness significantly (P<0.05), 

whereas the presence of Bifidobacterium longum BB-46 increased gumminess for the 

fermented soy beverages significantly (P<0.05). Patrignani et al. (2018) reported a significant 

effect of Bifidobacterium strains on the rheology of fermented soy milk and a higher firmness 

and viscosity index were observed for the fermented soy milk in the presence of B. aesculapii 

FSM MRM 4.7 and a higher cohesiveness in the presence of B. aeculapii FSM MRM 4.6. The 

interaction of factors (acerola-by-product*L. acidophilus LA-5*B. longum BB-46) was 

significant (P<0.05) for firmness and gumminess and, in the presence of LA-5 and BB-46 

without acerola by-product, the firmness and gumminess were significantly higher (P<0.05). 

Comparing the different sampling periods, we observed a significant variation (P<0.05) for all 

texture parameters, except for springiness that was only significant (P<0.05) when there was 

an interaction between the sampling periods and the other factors studied (sampling 

period*acerola by-product*LA-5*BB-46). Donkor, Henriksson, Singh, Vasiljevic, & Shah 

(2007b) noted that differences in storage were a reflection of gelation characteristic for the 

different soy yoghurts, in which raffinose and glucose may have influenced the metabolic 

activities of microorganism and affected the rheology of soy yoghurts. 

 

3.2.3. Sensorial evaluation of fermented soy beverages 

The mean values of acceptability scores (flavour, aroma, texture, appearance, and 

overall acceptance) for the fermented soy beverages studied are shown in Table 3.8. No 

significant difference (P>0.05) was observed between 7 and 21 days of refrigeration storage (4 

ºC) for the different FSB for all the sensory attributes evaluated, thus the mean values were 

presented as general scores of each sensory attribute for each FSB. In general, the presence of 

B. longum BB-46 isolated or its combination with acerola by-product decreases the scores of 

flavour and overall acceptance FSB (P<0.05). The higher acidity previously described and the 

off-flavour caused by a small concentration of acetate (data not shown) for the fermented soy 

beverages which contained B. longum BB-46 may have negatively influenced the acceptability 

scores. In fact, Patrignani et al. (2018) observed that a probable production of acetic acid by 

Bifidobacterium resulting from the carbohydrates metabolism could affect the sensory 
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properties of fermented soymilk. Mondragón-Bernal, Alves, Teixeira, Ferreira, & Maurgeri 

Filho (2017) also noted that Bifidobacterium strains leaded to sensorial problems in synbiotic 

fermented soy product, which showed higher viable counts and pH below 4.0. Lower scores for 

flavour were observed for the fermented soy beverages FSB3, FSB5, FSB7, and FSB8, and the 

last two FSB had the lowest overall acceptance.  

Additionally, the appearance was negatively influenced (P<0.001) by the presence of 

acerola by-product. Nonetheless, beverage FSB4 (with acerola by-product and without any 

probiotic strains) showed a higher frequency between "would certainly buy" and "would 

probably buy", which accounted together for 31.3% of the purchase intention (Figure 3.4). The 

correlation between the sensory attributes and the purchase intention was strongly uphill for the 

flavour and overall acceptance, and moderate uphill for the other attributes, as well as 

significant (P<0.05) for all attributes (Table 3.8). Studies, using passion-fruit by-product 

(Espírito-Santo et al., 2013) and okara (Bedani et al., 2013), did not show any significant 

influence of by-products in the appearance of milk and soy yoghurts, probably due to the light 

colouring of these by-products, which probably did not change the yoghurts colour, differently 

from what was here observed for the acerola by-product, which presented a brown dark colour.  

Principal component analyses (PCA) was carried out to evaluate the relationship 

between the eight pilot-scale-making formulations (see Table 3.2) and the sensory attributes 

evaluations. Figure 3.5. illustrates the general scores of FSB and the sensory attributes. The 

first principal component (PC, F1) explained 72.02% of the total variance between FSB 

(72.02%) and the second component (F2) explained 24.53%, and both explained almost all the 

variability (96.56%) between FSB in relation to the sensory attributes. The sensory attributes 

were represented as vectors. The vectors that, when being decomposed in an axis (PC) are 

presented as a longer vector, better explain the variability among the by-product of that PC. 

Thus, the 72% of the variability explained in the first PC as due to the fact that these vary in 

relation to the five attributes evaluated (flavour, aroma, appearance, texture, and overall 

acceptance), with more emphasis on flavour. The 24.5% of the variability explained in the 

second PC are due to the fact that they vary mainly in relation to appearance and flavour 

attributes. In the PCA, each combination is located in the direction of the vector (attribute) that 

most characterizes it in relation to the other FSB.  



88 
 

Chapter 3 

Table 3.7. Instrumental texture profile (TPA) of the different fermented soy products studied during refrigerated storage at 4 ºC 

Texture 
parameter 

Time 
(days) 

Fermented soy beverages1 

FSB1 FSB2 FSB3 FSB4 FSB5 FSB6 FSB7 FSB8 

F
ir

m
ne

ss
 (

N
) 1 0.147 (0.012)Ccd 0.149 (0.008)Abcd 0.144 (0.006)Ad 0.162 (0.011)Bab 0.151 (0.007)Bbcd 0.164 (0.008)ABa 0.160 (0.018)Babc 0.161 (0.015)Aab 

7 0.167 (0.008)ABa 0.145 (0.009)Ab 0.150 (0.018)Ab 0.177 (0.023)Aa 0.168 (0.033)Aa 0.164 (0.009)ABa 0.163 (0.023)Ba 0.165 (0.012)Aa 

14 0.171 (0.008)Aa 0.148 (0.012)Ac 0.155 (0.013)Abc 0.147 (0.015)Cc 0.174 (0.022)Aa 0.172 (0.008)Aa 0.154 (0.015)Bbc 0.164 (0.012)Aab 

21 0.157 (0.022)BCbc 0.147 (0.016)Acde 0.143 (0.011)Ade 0.146 (0.014)Ccde 0.171 (0.022)Aa 0.154(0.019)BCbcd 0.139 (0.005)Ce 0.163 (0.005)Aab 

28 0.158 (0.022)ABCb 0.152 (0.013)Ab 0.155 (0.012)Ab 0.178 (0.010)Aa 0.154 (0.018)Bb 0.148 (0.016)Cb 0.184 (0.013)Aa 0.157 (0.015)Ab 

C
oh

es
iv

en
es

s 1 0.849 (0.100)Aa 0.824 (0.097)Aab 0.841 (0.101)Ba 0.802 (0.053)Aab 0.839 (0.081)Aa 0.758 (0.016)Cb 0.837 (0.081)Ba 0.802 (0.049)Bab 

7 0.818 (0.073)Aa 0.841 (0.115)Aa 0.852 (0.093)Ba 0.812 (0.059)Aa 0.851 (0.080)Aa 0.821 (0.083)BCa 0.842 (0.093)Ba 0.815 (0.061)ABa 

14 0.811 (0.069)Aa 0.843 (0.104)Aa 0.854 (0.104)Ba 0.841 (0.105)Aa 0.806 (0.047)Aa 0.817 (0.073)BCa 0.834 (0.095)Ba 0.814 (0.065)ABa 

21 0.835 (0.089)Ac 0.857 (0.111)Abc 0.935 (0.015)Aa 0.834 (0.102)Ac 0.872 (0.031)Aabc 0.836 (0.101)Bc 0.918 (0.021)Aab 0.878 (0.012)Aabc 

28 0.846 (0.108)Aab 0.846 (0.101)Aab 0.842 (0.099)Bb 0.861 (0.020)Aab 0.842 (0.086)Aab 0.914 (0.030)Aa 0.813 (0.062)Bb 0.826 (0.064)ABb 

Sp
ri

n
gi

ne
ss

 1 0.996 (0.018)Aabc 0.977 (0.037)Ac 1.014 (0.048)Aa 0.973 (0.029)Bc 1.007 (0.025)Aab 0.989 (0.036)Aabc 0.980 (0.030)Bbc 0.995(0.039)ABabc 

7 0.988 (0.025)ABab 1.000 (0.032)Aab 0.996 (0.023)ABab 0.979 (0.042)Bb 0.983 (0.024)Ab 0.995 (0.028)Aab 1.014 (0.028)Aa 0.993 (0.028)Bab 

14 0.979 (0.036)ABbc 1.000 (0.035)Aab 0.971 (0.039)Bc 0.979 (0.034)ABbc 0.979 (0.028)Abc 0.977 (0.029)Abc 0.977 (0.039)Bbc 1.008 (0.048)ABa 

21 0.965 (0.034)Bb 0.986 (0.036)Aab 0.998 (0.018)Aba 1.006 (0.025)Aa 0.987 (0.012)Aab 1.006 (0.025)Aa 0.986 (0.018)ABab 0.981 (0.012)Bab 

28 0.978 (0.032)ABb 1.005 (0.037)Aab 0.989 (0.017)ABb 0.990 (0.019)ABb 0.988 (0.021)Ab 0.991 (0.017)Ab 0.979 (0.036)Bb 1.023 (0.074)Aa 

G
u

m
m

in
es

s 
(N

) 

1 0.124 (0.009)Bab 0.122 (0.011)Aab 0.121 (0.014)Bb 0.130 (0.029)BCab 0.126 (0.010)Cab 0.134 (0.011)ABa 0.134 (0.015)Ba 0.130 (0.020)Bab 

7 0.137 (0.017)Aa 0.121 (0.010)Ab 0.126 (0.008)ABb 0.144 (0.042)Aa 0.141 (0.019)Aa 0.135 (0.018)ABa 0.135 (0.012)Ba 0.135 (0.019)ABa 

14 0.139 (0.015)Aa 0.124 (0.011)Ab 0.132 (0.013)ABab 0.122 (0.034)BCb 0.141 (0.025)ABa 0.141 (0.014)Aa 0.126 (0.009)Bb 0.134 (0.020)ABab 

21 0.130 (0.006)ABbc 0.123 (0.008)Abc 0.134 (0.010)Ab 0.121 (0.025)Cc 0.148 (0.015)Aa 0.128 (0.006)Bbc 0.132 (0.011)Bbc 0.143 (0.005)Aab 

28 0.132 (0.009)ABb 0.128 (0.016)Ab 0.130 (0.011)ABb 0.134 (0.019)ABb 0.128 (0.013)BCb 0.135 (0.012)ABb 0.150 (0.008)Aa 0.130 (0.017)Bb 
A-D Different superscript capital letter in a column denote significant differences (P<0.05) between the different storage time for the same fermented soy beverage. 
a-f Different superscript lowercase letter in a row denote significant differences (P<0.05) between the different fermented soy beverage for the same storage time.  
Values are expressed as mean (SD). 1See Table 3.2 for the description of fermented soy products. 2Values expressed in the module. 
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Table 3.8. Scores of sensory parameters (Overall acceptance, Appearance, Aroma, Flavour, 
and Texture) and the correlation between each parameter and purchase intention obtained for 
the different fermented soy beverage.  

Fermented 
soy 

beverage1 

Overall 
acceptance 

Appearance Aroma Flavour Texture 

FSB1 5.63 (2.16)a 5.69 (2.32)a 5.91 (2.03)a 5.43 (2.50)ab 5.59 (2.77)a 

FSB2 5.74 (2.22)a 5.45 (2.41)a 5.88 (2.39)a 5.70 (2.54)ab 5.37 (2.50)a 

FSB3 5.15 (2.22)ab 5.71 (2.35)a 5.30 (2.31)ab 4.87 (2.77)bc 5.61 (2.56)a 

FSB4 5.88 (2.30)a 4.58 (2.49)b 5.67 (2.70)ab 6.06 (2.57)a 5.41 (2.72)a 

FSB5 5.44 (2.27)ab 5.63 (2.47)a 5.16 (2.65)ab 4.89 (2.77)bc 5.24 (2.78)a 

FSB6 5.42 (2.39)ab 4.74 (2.68)b 5.36 (2.24)ab 5.58 (2.75)ab 5.23 (2.90)a 

FSB7 4.61 (2.74)b 4.64 (2.56)b 5.04 (2.62)ab 4.20 (2.62)c 4.93 (2.62)a 

FSB8 4.60 (2.51)b 4.10 (2.50)b 4.68 (2.52)b 4.28 (2.85)c 4.71 (2.51)a 

r- 0.766* 0.484* 0.489* 0.761* 0.487* 
Overall mean for 7 and 21 days of refrigerated storage of fermented soy beverage (SD) a-c Different superscript lowercase letter 
in a row denote significant differences (P<0.05) between the different fermented soy beverages. r- Correlation between 
purchase intent and each sensorial parameter. * Significant (P<0.05) correlation. 1See Table 3.2 for the description of fermented 
soy products.  

 

 
Figure 3.4. The frequency of purchase intention (%) for different fermented soy beverages. *See Table 
3.2. for fermented soy beverage description. 

 

The beverages FSB7 and FSB8 were less characterized by all five sensory attributes 

evaluated, indicating that the presence of B. longum BB-46 and acerola by-product, combined 

or not with L. acidophilus LA-5, were less accepted regarding flavour, aroma, texture, and 

appearance. On the other hand, FSB1 and FSB2 were more accepted in relation to flavour, 
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aroma, texture, and appearance. These FSB represented the samples with only L. acidophilus 

LA-5 (FSB2) and in the absence of the three factors evaluated (FSB1). FSB4 was more 

characterized by the flavour attribute and less characterized by the appearance attribute 

(opposite direction considering PC2). The overall acceptance of this combination was also 

good, as were the combinations FSB1 and FSB2. The FSB3 (B. longum BB-46) and FSB5 (B. 

longum BB-46 + L. acidophilus LA-5) combinations were very similar in relation to the sensory 

attributes, with positive prominence for the appearance attribute, as well as the combination 

FSB1 which is absent of any probiotic or the acerola by-product. The FSB6 combination was 

not specifically highlighted by any sensory attributes when compared to other combinations. 

The lower scores of acceptability of similar products were reported for several authors (Andrés, 

Tenorio, & Villanueva, 2015, Andrés, Villanueva, & Tenorio, 2016, Bedani et al., 2013, 2014, 

Patrignani et al., 2018). 

We dismembered the results to verify the effect of the storage period (7 and 21 days) 

on the acceptability of fermented soy beverages (Figure 3.6.). The first component (PC1-F1) 

explained most of the variability between combinations (71%) and the second component (PC2-

F2) accounted for 20 %. Clearly, it can be noted that consumer acceptance was lower after 21 

days of storage, mainly for the fermented soy beverages FSB4, FSB6 e FSB7, thus indicating 

a difference that was not detected when performing the analysis of variance. The 21 days of 

storage has a negative impact on the attributes evaluates when compared to the 7 days. The 

beverage FSB8 already had a bad result on 7 days. Bedani et al. (2013, 2014) attributed the 

lower scores of acceptability for the fermented soy products to the volunteers’ lack of habit to 

consume soy-based products. Additionally, studies have pointed that health benefits claims 

influenced positively the acceptance of soy products. Russell, Drake, & Gerard (2006) noted 

that health claims as “develops and maintains healthy bones”, “decrease chances of heart 

disease”, and “contains no animal fat” or “does not contain genetically modified ingredients” 

attributed to consumption of protein bars from whey and soy increased their acceptance 

significantly. A similar increase in acceptance was reported by Drake and Gerard (2003) for the 

soy-fortified yoghurts. On the other hand, Teh, Dougherty, and Camire, (2007) showed that 

only nutritional information did not affect acceptability scores of frozen soy products. In view 

of this, further studies should be conducted to assess whether other concentrations of acerola 

by-product are able to attenuate the disagreeable colour, which, according to the volunteers' 

opinion.  
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Figure 3.5. Principal Component graph of fermented soy beverages (blue) for the sensorial parameters 
(red). See Table 3.2 for the description of fermented soy beverages.  

 

 
Figure 3.6. Principal Component graph of fermented soy beverages after 7 days (blue) and 21 days 
(green) of refrigeration storage (4 ºC) for the sensorial parameters (red). See Table 3.2 for the 
description of fermented soy beverages.  

 

4. CONCLUSION  

The current study showed that, even though none of the strains tested presented 

proteolytic ability, L. acidophilus LA-5 and B. longum BB-46 were able to deconjugate more 

types of bile salts and grew well in the presence of raffinose. In addition, S. thermophilus TH-
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4 grew better in the presence of raffinose among the S. thermophilus strains evaluated. The 

fermented soy beverages were significantly (P<0.05) influenced by the experimental design, 

with a higher dry matter content, an increased firmness and a lower sensory acceptance 

observed for the FSB containing the acerola by-product. The low sensory acceptance of the 

beverages with B. longum may have resulted from the high acidity and the off-flavour provided 

by the presence of small concentrations of acetate produced by this strain during the 

fermentation process and the refrigeration storage (post-acidification). The brown aspect for the 

beverages with acerola by-product influenced towards the low scores for appearance obtained 

for these soy beverages. On the other hand, the FSB4 with acerola by-product and without any 

probiotic strains showed the highest frequency of "would certainly buy" and "would probably 

buy" of purchase intention.   
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ABSTRACT 
 
The effect of acerola by-product (ABP), Lactobacillus acidophilus LA-5, and Bifidobacterium longum 
BB-46 added during production of a fermented soy beverage (FSB) on probiotic viability and on 
probiotic survival in the product submitted to in vitro simulatied gastrointestinal (GI) conditions during 
28 days of storage at 4 ºC were investigated. Eight trials of FSB were studied, using a factorial 23 design, 
in which the variable evaluated were X1-LA-5, X2-BB-46, and X3-ABP, in two levels (presence or 
absence). The 8 products, were prepared with water-soluble soy extract, and fermented with 
Streptococcus thermophilus TH-4. Enumeration of microorganisms was determined employing 
quantitative Real-Time PCR (qPCR) combined with PMA treatment (PMA-qPCR). Probiotic viable 
populations ranged from 7.0 to 8.2 log CFU equivalent/mL for 28 days, and the presence of the co-
culture (LA-5+BB-46) and of the ABP did not affect the viability of both probiotics significantly 
(P<0.05). However, ABP increased the B. longum survival to in vitro gastrointestinal simulated 
conditions at 28 days of storage. The FSB supplemented with ABP showed to be a good vehicle for the 
probiotic tested, mainly for B. longum BB-46. Further studies, involving the potential health benefits of 
ABP are required. 

 
Key-words: probiotic, acerola by-product, fermented soy beverage, probiotic survival, gastrointestinal 
simulation in vitro. 
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1. INTRODUCTION 

Environmental issues along with the world’s population growth and increased food 

production are big challenges for both industries and the governmental and non-governmental 

agencies of environmental protection. In fact, billions of tons of waste and by-products resulting 

from agriculture and food processing are generated every year, leading to serious problems, not 

only for the environmental, but also for the economy and food safety (Ravindran & Jaiswal, 

2016, Lai et al., 2017, Mattsson, Williams, & Berghel, 2018). On the other hand, several 

reviews published point out to the fact that food processing by-products are excellent sources 

of complex carbohydrates like dietary fibres, proteins, polyunsaturated fatty acids and other 

lipids, as well as bioactive compounds such as antioxidant and other compounds with functional 

and nutraceutical proprieties, which may be employed in the development of innovative food, 

with a high aggregate value (Fava et al., 2013, Kowalska, Czajkowska, Cichowska, & Lenart, 

2017, Lai et al., 2017, Mirabella, Castellani, & Sala, 2014). 

In this context, studies have demonstrated that acerola (Malpighia emarginata DC) 

by-products are a good source of several bioactive compounds like dietary fibre, phenolic 

compounds, vitamin C, β-carotene, among other bioactive compounds (Duzzeioni, Lenton, 

Silva, & Barroso, 2013, Silva, Cazarin, Batista, & Maróstica Jr., 2014, Silva, Duarte, & 

Barrozo, 2016, Vieira, Bedani, Albuquerque, Biscola & Saad, 2017). In this line, Silva et al. 

(2014) compared the content of bioactive compounds in the pulp with that of the by-products 

of tropical fruits and observed that there was a higher content of anthocyanin and yellow 

flavonoids in the acerola by-product compared to its fruit pulp. In addition, Duzzeioni et al. 

(2013) highlighted that due to its high content of bioactive compounds, the acerola by-product 

may be used for several purposes, avoiding its disposal in the environment. Besides, studies 

using acerola by-product in association with probiotic cultures to evaluate its potential prebiotic 

effect have been conducted. In this context, Vieira et al., (2017) verified that acerola by-product 

can be selectively fermented by benefitial probiotic strains in an in vitro study. Albuquerque, 

Bedani, Vieira, LeBlanc, and Saad (2016) suggested that this by-product may also contribute 

for an increased folate production by lactobacilli and streptococci strains. Probiotics are defined 

as "live microorganisms that, when administrated in adequate amounts, confer a health benefit 

on the host" (Hill et al., 2014), and prebiotic is currently defined as "a substrate that is 

selectively utilized by host microorganisms conferring a health benefit" (Gibson et al., 2017). 

In addition, a number of studies have demonstrated the application of vegetable by-

products in the development of probiotic fermented products in both dairy and vegetable-based 
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products confers functional characteristics to these products. Espírito Santo et al. (2012), 

demonstrated that apple and banana by-products increased the probiotic viability during 

refrigerated storage of yoghurts. In another study, Espírito Santo et al. (2013) reported good 

sensory acceptability and increased viscosity of probiotic yoghurts supplemented with passion-

fruit by-product. Sendra et al., (2008) reported that supplementation with citrus fibre increased 

the viability of probiotic bacteria in fermented milk. Albuquerque, Bedani, LeBlanc, & Saad 

(2017) reported that the addition of passion-fruit by-product and fructo-oligossacharide (FOS) 

in a fermented soymilk increased the production of folate by Streptococcus thermophilus strains 

alone or in co-culture with Lactobacillus acidophilus LA-5 and L. rhamnosus LGG. The 

increased firmness of soy yoghurt containing okara (a soybean by-product) was reported by 

Bedani, Campos, Castro, Rossi, and Saad (2013). In a complementary study, Bedani, Rossi, 

and Saad (2013) observed a high viability of probiotic strains (>8 log CFU/mL) in a soy 

“yoghurt” supplemented with okara and inulin, with a protective effect in the Bifidobacterium 

animalis BB-12 populations during the in vitro gastrointestinal (GI) simulation and an increased 

survival of Lactobacillus acidophilus LA-5 during the gastric phase in the soy yoghurts with 

the okara by-product.  

The development of a fermented soy beverage (entirely of vegetal origin) with 

probiotic strains and acerola by-product powder (ABP) could result in an interesting new 

probiotic product, and also represent a promising alternative for the reduction of the disposal 

of fruit industrial by-products with high nutritional and biological properties (Duzzeioni et al., 

2013, Silva et al., 2014, Silva et al., 2016, Vieira et al., 2017) and aggregated value. In a 

previous study, Vieira et al. (2017) showed that acerola by-product could be a potentially 

prebiotic ingredient. Therefore, the effect of ABP, Lactobacillus acidophilus LA-5 and 

Bifidobacterium longum BB-46 on probiotic viability in a fermented soy beverage (FSB) and 

on probiotic survival under in vitro simulation GI conditions were investigated during 28 days 

of storage at 4 ºC. 

 

2. MATERIAL AND METHODS 

2.1. Microorganisms and acerola by-product obtain 

The probiotic cultures Lactobacillus acidophilus LA-5 and Bifidobacterium longum 

BB-46 and the starter culture Streptococcus thermophilus TH-4 were supplied by Christian 

Hansen (Hørsholm, Denmark). The cultures employed in the fermented soy beverages were 

activated with two successive transfers from the stock cultures (-70 ºC) by inoculation in de 

Man, Rogosa & Sharpe broth (MRS broth, Oxoid, Basignstoke, UK) for LA-5; MRS broth 
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(Oxoid) containing L-cysteine hydrochloride hydrate (0.05%, w/v, Sigma-Aldrich, Germany) 

for BB-46; and in Hogg-Jago glucose broth (HJ) for TH-4, followed by incubation at 37 ºC in 

aerobic conditions for 24 h, except for BB-46, incubated under anaerobic condition (Anaerobic 

incubation system AnaeroGen®, Oxoid). After the second incubation, the inoculum was 

washed twice using a sterile NaCl solution, (0.85%, w/v) and the cells were collected by 

centrifugation at 8,600 gx for 10 min, and stored in an ice bath until the production of the 

fermented soy beverage. The acerola (Malpighia emarginata DC) by-product flour was 

obtained as a fine powder (<0.42 mm) as described by Vieira et al. (2017).  

 

2.2. Experimental design and production of the fermented soy beverages. 

A 23 factorial randomized design was employed for the fermented soy beverages (FSB) 

development. Eight pilot-scale-making formulations of FSB were produced in batches of 2.5 L, 

in triplicates (three randomized different batches of the same formulation, using a new water 

soluble soy extract and a new inoculum), in order to evaluate the addition of Lactobacillus 

acidophilus LA-5 (Chr. Hansen), as Factor 1 (X1), Bifidobacterium longum BB-46 (Chr. 

Hansen), as Factor 2 (X2), and the acerola by-product (ABP), as Factor 3 (X3) in two levels 

(presence or absence) during the production of the FSB (Table 4.1). The mixer Thermomix® 

(Vowerk) was used for the mixture and pasteurization of the soy base (Table 4.2) and the starter 

culture Streptococcus thermophilus TH-4 was inoculated in all fermented soy beverages to 

promote the pH decrease.  

 

Table 4.1. Experimental design employed in the production of the fermented soy beverages. 

Fermented 
soy 

beverages 

Variables tested 

L. acidophilus LA-5 B. longum BB-46 Acerola by-product 

X1 X2 X3 

FSB1 - - - 

FSB2 + - - 

FSB3 - + - 

FSB4 - - + 

FSB5 + + - 

FSB6 + - + 

FSB7 - + + 

FSB8 + + + 

(+) = presence;  (-) = absence 
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Table 4.2. Ingredients employed in the production of the fermented soy beverages. 

Ingredients1  
Products 

FSB1 FSB2 FSB3 FSB4 FSB5 FSB6 FSB7 FSB8 

Acerola by-product (ABP) - - - 2.0 - 2.0 2.0 2.0 

Soy extract powder 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

Sucrose 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

Dextrose 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Carrageen gum 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Ingredient2  
Products 

FSB1 FSB2 FSB3 FSB4 FSB5 FSB6 FSB7 FSB8 

Concentrated acerola juice 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
1.Ingredients in g/100 mL of water-soluble soy extract Mais Vita Pura Soja culinary use (Yoki®, Pouso Alegre, MG, Brazil); 
soy extract powder Mais Vita (Yoki®); Sucrose (Coopersucar-União, Limeira, SP, Brazil); Dextrose monohydrated ST 
(Roquette, France); Carrageen gum (Agargel Ind. e Com. Ltda, São Paulo, SP, Brazil); 2. Ingredients in g/100 g of fermented 
soy-based, concentrate acerola juice (Acerola Jal, Citro-Nutri, Olaria, RJ, Brazil). See Table 4.1 for the description of addition 
or not of L. acidophilus LA-5 and of B. longum BB-46 (Chr. Hansen). 

 

The water-soluble soy extract was heated to 50 ºC under constant agitation to dissolve 

the sucrose and the dextrose and the heating continued until achieving 80 ºC, when the soy 

extract powder and the carrageen gum were added. Afterward, the mixture was pasteurized (5 

min at 90 ºC). Before pasteurization, when the mixture achieved 90 ºC, the ABP was added in 

the formulations FSB4, FSB6, FSB7, and FSB8 (see Tables 4.1 and 4.2). After pasteurization, 

all soy bases were cooled in ice bath to 37 ºC, for the addition of the previously prepared 

inocula, and the fermentation took place at 37 ºC (B.O.D. incubator) until achieving pH 5.5. 

Next, the beverage was cooled and kept at 4 ºC for 16 h, when concentrated acerola juice (100 

g/kg) was added and mixed. Then, the FSB was packaged in plastic containers and stored at 4 

ºC for up to 28 days. 

 

2.3. Enumetation of probiotic and starter cultures and pH assays 

In order to determine the probiotic and starter viability in the fermented soy beverages 

after 1, 14, and 28 days of storage under refrigeration (4 ºC), 10 g portions of each fermented 

soy beverage samples were collected, mixed with 90 mL of saline sterile solution (0.85%, w/v) 

using a Bag Mixer 400 (Interscience, St. Nom, France) and aliquots of 3 mL of each dilution 

were homogenized with 17 mL of trisodium citrate dehydrate solution (2%, w/v) and incubated 

at 45 ºC for 30 min, followed centrifugation 8,600 xg for 10 min at 4 ºC. The resulting pellet 

was washed and resuspended in Tris EDTA (10 mM Tris-HCl, 1 mM EDTA, pH set 8) buffer, 

followed by freezing until the propidium monoazide (PMA) treatment and the DNA extraction 
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took place. The viability was determined employing quantitative Real-Time PCR (qPCR) 

combined with PMA treatment (PMA-qPCR), as will be described in item 2.5.1.  

The pH values were determined in triplicate (three different containers of different 

batch, for each formulation at 1, 7, 14, 21, and 28 days of storage) performed in a pHmeter 

Orion, Three Stars model (Thermofisher Scientific, Waltham, MA, USA), equipped with a 

penetration electrode model 2A04 (Analyser, São Paulo, Brazil). 

 

2.4. In vitro gastrointestinal simulation assay.  

FSB samples were submitted to an in vitro gastrointestinal simulation in 3 steps (gastric, 

enteric I, and enteric II phases), carried out according to Buriti, Castro, and Saad (2010), with 

slight modification as follows. Aliquot of 30 mL of diluted FSB samples as described in item 

2.3 were transferred to 6 sterile flasks, composing a total of 6 flasks contain the samples (3 

dilutions carried out with 2 different samples of the same batch in the same storage period). 

Gastric enzymes (gastric pepsin and lipase with final concentration of 3 g/L and 0.9 mg/L, 

respectively, both from Sigma-Aldrich) were added to diluted samples of each FSB, the pH was 

adjusted with HCl 1 M to 2.2-2.5, and incubated in a metabolic water-bath (Dubnoff MA-095, 

Marconi, Piracicaba, Brazil) at 37 ºC for 2 h with constant agitation of approximate 150 rpm. 

After the gastric phase simulation, the pH of samples was adjusted to 5.0-5.5 using an alkaline 

solution pH 12 (NaOH [6 g/L] and NaH2PO4 [10.8 g/L], Synth). Bile (bovine bile, Merck) and 

pancreatine (pancreatine from porcine pancreas, Sigma-Adrich) was added to a final 

concentration of 10 g/L and of 1 g/L, respectively, and incubated again at 37 ºC for 2 h to 

simulate enteric phase I. Next, the pH was adjusted to 6.9-7.3 using the alkaline solution 

previously described, containing bile and pancreatine to maintain the concentration of 10 g/L 

and 1 g/L, respectively, and the samples were incubated again for 2 h at 37 ºC to simulate the 

enteric II phase, reaching 6 h of assay. To quantify the surviving populations of probiotic and 

starter cultures after the in vitro gastrointestinal simulations, the samples were processed as 

described in item 2.2. 

 

2.5. Determination of probiotic and starter viability and survival under in vitro GI 

simulation using PMA-qPCR 

To determine the probiotic and starter viability, as well as the survival under in vitro 

GI simulation, the samples were treated with PMA to amplify and quantify the DNA from living 

cells. 
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2.5.1 PMA-treatment and DNA extraction  

The PMA treatment was carried out as described by Nocker, Cheung, and Camper 

(2006), with slight modifications described by Villarreal et al. (2013). The cell suspensions 

from viability and survival under in vitro GI simulation were centrifuged at 13,000 xg for 5 min 

at 4 ºC and resuspended with 500 µL of PBS buffer with PMA (phenanthridium, 3-amino-8-

azido-5-[3-(diethylmethylammonio) propyl]-6-phenyl dichloride; Biotium, Inc., Hayward, CA, 

USA) to a final concentration of 50 mM. After the incubation in ice bath for 5 min in the dark, 

duplicate samples were light-exposed for 15 min at a distance of about 20 cm from a 650-W 

halogen light sources (DWE, 650 W, 120 V, GE, Lighting, East Cleveland, OH, USA) in the 

ice bath to prevent excessive temperature rise. After the PMA treatment, the samples were 

washed with PBS buffer, centrifuged (13,000 xg for 10 min at 4 ºC) and the cell pellet was 

resuspended in 500 µL of TE buffer prior to DNA isolation procedure. DNA extraction was 

carried according to Villarreal et al. (2013) and the resulting DNA was resuspended in 100 µL 

of TE buffer, and its quality and concentration were determined using a Nanodrop ND-1000 

(Thermo Scientific, Waltham, USA). 

 

2.5.2. Quantitative real-time PCR conditions 

16S rRNA gene-targeted was used to enumerate the population of Lactobacillus 

acidophilus and the genomic DNA was used to enumerate the Bifidobacterium longum and 

Streptococcus thermophilus in the samples collected from assays for the enumeration of 

viablecell in the food product and in vitro GI survival. The reactions were performed using an 

ABI-PRISM 7500 sequencing detection system (Applied Biosystems, Bridge-water, NJ, USA). 

The reaction mixtures (25 µL) consisted of 12.5 µL of PCR Master Mix (Power SYBR® Green 

and TapMan® Universal Master Mix II, Life Technologies, ThermoFisher Scientific, USA), 

each primer at the appropriate concentration, 0.1 of bovine serum albumin (BSA, 

ThermoFisher) and 5 µL of the template DNA. For determination of L. acidophilus, 

Bifidobacterium longum, and S. thermophilus, primer concentration and amplification profiles 

program were described by Tabasco, Paarup, Janer, Peláez, and Reguena (2007), Furet et al. 

(2009), and Falentin et al. (2012), respectively. In order to quantify each target microorganisms, 

the standard curve was generated by a 10-fold serial dilution of genomic DNA and/or 16S rRNA 

gene (108-100 copies per µL) amplified from the respective target strains. For L. acidophilus, 

the 16S rRNA was used, considering the L. acidophilus NCFM strain as the genome’s reference 

strain, with the number of copies of the16S rRNA gene in the L. acidophilus genome estimated 

as 4 (Altermann et al., 2005). Additionally, non-template controls (NTC) samples were carried 
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out in all qPCR runs as the negative control. The mean values from assays of viability and 

survival to in vitro simulated GI conditions were expressed in log CFU equivalent/mL. 

 

2.6. Statistical analyses 

The experiment constituted a 23 factorial design with three factors in two levels. 

Initially, data were verified regarding normality and homoscedasticity of variances, 

respectively, Shapiro-Wilk and Bartlett tests were used. Analysis of variance (ANOVA) was 

used for data for whicn normality and homoscedasticity were observed, and the Tukey's test 

was used for means comparison, in a 95% of confidence level. For data that not showing 

normality and homoscedasticity, the non-parametric Kruskal-Wallis test and the Fisher LSD 

test for mean comparison were used. The statistical package employed was Statistica 13.0 

(StatSoft, Tulsa, OK, USA), the data were expressed as means ± standard deviation (SD) and 

the significant difference was established. Principal Components Analysis was performed to 

evaluate the relationships between the eight pilot-scale-marking formulation of the 23 factorial 

design (L. acidophilus LA-5, B. longum BB-46, and ABP) regarding the probiotic and starter 

cultures survival to simulated GI stress (scores of t0, t2 and t6, for each microorganism) and 

the effect of the storage period (1, 14, and 28 days) independently. Covariance was the matrix 

type used in the mapping. The XLSTAT 2017 software was employed.  

 

3. RESULTS AND DISCUSSION 

3.1. pH values  

The pH values of FSB during refrigerated storage are shown in Table 4.3. In general, 

the interaction of all study factors (LA-5*BB-46*ABP, see Table 4.1) was not significant 

(P>0.05) for the pH values. However, when each factor is evaluated independently, lower pH 

value was observed in the presence of B. longum BB-46 (P<0.001) and L. acidophilus 

(P<0.05). On the first day of storage, the FSB with B. longum (FSB3, FSB5, FSB7, and FSB8) 

presented the lowest pH values. On the other hand, higher pH values (P<0.05) were observed 

in the presence of ABP, except for FSB7 and FSB8. Additionally, a significant (P<0.001) 

decrease was verified in the pH values during the storage period for all formulations. Studies 

have shown that pH decreases in fermented products during storage were observed due to 

continuing metabolic activity of microorganisms, as a consequence of the population mass 

increases in the food fermented matrix (Costa, Soares Júnior, Rosa, Caliari, & Pimentel, 2017). 

Bedani et al. (2013) and Bedani, Vieira, Rossi, and Saad (2014) reported significant decreases 
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in pH values throughout refrigerated storage in synbiotic soy products similar to yoghurt. On 

the other hand, Battistini et al. (2018), using the same combination of probiotic and starter 

cultures (ABT-4, Chr. Hansen) in a soy-based fermented beverage, did not verify any 

significant difference in pH values between the first and the last day of storage. Additionally, 

some studies have demonstrated that the addition of fruit juices and pulps may reduce the pH 

values in soy products (Bedani et al., 2014; Granato, Branco, Nazzaro, Cruz, & Faria, 2010, 

Ìçier, Gündüz, Yilmaz, & Memeli, 2015) due to the low buffering effect of soy protein (Matias 

et al., 2016; Wang et al., 2009). Therefore, the continuous production of organic acids by the 

bacteria present in the product, the addition of concentrated acerola juice, and the low buffering 

ability of the soy proteins may have contributed for the pH decrease during storage in the 

present study. 

 

3.2. Viability of probiotic and starter cultures 

Propidium monoazide combined with real-time quantitative PCR (PMA-qPCR) was 

employed to evaluate the viability of L. acidophilus LA-5, B. longum BB-46, and S. 

thermophilus TH-4 obtained from the FSB formulations (Table 4.4). There is still no consensus 

on the daily probiotic dose needed to promote health benefits. The probiotic dose-response is 

influenced by several factors, including desired health effect, probiotic strain, delivery matrix, 

and administration form. These variables make it difficult to generalise one optimal 

concentration to obtain a probiotic effect (Ouwehand, 2017). Nonetheless, Champagne, Ross, 

Saarela, Hansen, and Charalampopoulos (2011) pointed out that food must contain a minimum 

quantity of viable cells between 106 to 108 CFU/g or mL of food ready-to-eat. Additionally, the 

Canadian regulatory agency, the Health Canada, recommends that the ammount of viable cells 

of probiotic microorganisms in a product should provide a minimum daily dose of 107 CFU/day 

(Health Canada, 2015). Thus, all fermented soy beverages with added probiotic 

microorganisms (L. acidophilus and B longum) presented counts of viable cells above the 

minimum internationally recommended dose, during the shelf-life of the product, since during 

the whole refrigeration storage (4ºC), S. thermophilus, L. acidophilus, and B. longum counts 

were stable and ranged from 8.1 up to 9.4 log CFU equivalent/mL, 7.0 up to 7.7 log CFU 

equivalent/mL, and from 7.4 up to 8.2 log CFU equivalent/mL, respectively (Table 4.4.).  

In general, S. thermophilus and L. acidophilus populations decreased significantly 

(P<0.05) during the refrigerated (4 ºC) storage. However, these changes during storage were 

only microbiologicaly significant for S. thermophilus in FSB3 and for L. acidophilus in FSB5 

and FSB8. Similarly results were reported by Bedani, Rossi, and Saad (2013), who observed a 
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decrease in the viability of L. acidophilus in a soy yoghurt during storage, but which was of 

little microbiological significance, since these changes were always less than 0.5 log CFU/mL. 

In a later study, Bedani et al. (2014) verified a decrease in the LA-5 populations during storage 

of soy yoghurt added of guava and mango pulp, which was not observed in the control 

fermented soy yoghurt. The authors concluded that the addition of fruit pulps may reduce the 

viability of LA-5 during storage. In contrast with what was observed in the present study for L. 

acidophilus LA-5, Battistini et al., (2018) noted a higher decrease in L. acidophilus LA-5 up to 

1.8 log CFU/mL in all fermented soy beverages, supplemented or not with inulin and FOS, but 

B. animalis and S. thermophilus populations did not change during the storage period. On the 

other hand, the populations of BB-46 of FSB3, FSB5, FSB7, and FSB8 showed no significant 

differences (P>0.05) in the storage period and/or for the different formulations, except at 14 

days for the FSB8, which presented the lowest populations among all the formulations and 

among all sampling periods studied. 

 

Table 4.3. Mean pH values of fermented soy products during refrigerated (4 ºC) storage. 

Fermented soy 
beverage* 

Time (days) 

1 7 14 21 28 

FSB1 5.05 (0.03)Ab 5.01 (0.08)Abc 4.99 (0.08)ABa 4.85 (0.04)Cbc 4.90 (0.07)BCa 

FSB2 4.98 (0.07)Ab 4.93 (0.05)ABc 4.94 (0.15)ABa 4.83 (0.07)Cc 4.86 (0.06)BCa 

FSB3 4.68 (0.06)Ac 4.39 (0.09)Bd 4.32 (0.06)BCb 4.23 (0.06)CDe 4.20 (0.04)Db 

FSB4 5.21 (0.04)Aa 5.14 (0.08)ABa 5.04 (0.04)Ca 5.04 (0.11)BCa 4.91 (0.15)Da 

FSB5 4.67 (0.13)Ac 4.40 (0.02)Bd 4.29 (0.10)Cb 4.22 (0.05)Ce 4.20 (0.08)Cb 

FSB6 5.13 (0.19)Aab 5.07 (0.18)ABab 4.97 (0.13)BCa 4.94 (0.13)Cab 4.83 (0.02)Da 

FSB7 4.49 (0.08)Ad 4.41 (0.06)ABd 4.28 (0.08)Cb 4.32 (0.05)BCde 4.23 (0.09)Cb 

FSB8 4.41 (0.01)Ad 4.32 (0.03)ABd 4.34 (0.11)ABb 4.37 (0.10)ABd 4.30 (0.08)Bb 

Values are expressed as mean (SD). A-D Different superscript capital letters in a row for each microorganism denote significant 
differences during storage period (P<0.05). a-e Different lowercase superscript letters in a column denote significant differences 
between fermented soy beverage formulation (P<0.05). *See Table 4.2 for the fermented soy beverage description. 

 

In general, S. thermophilus showed statistically and microbiologically lower 

populations (P<0.05) in the presence of B. longum and ABP (FSB8) on the first day of storage. 

In addition, reductions of microbiological significance in TH-4 populations were observed 

when this strain was in co-culture with BB-46, with a reduction of approximately 0.8 log CFU 

equivalent/mL for the FSB3 throughout the storage period. On the other hand, when TH-4 was 

in co-culture with LA-5, the TH-4 populations was not affected (P<0.05). Oliveira, Perego, 

Converti, and Oliveira (2009a) evaluated the effect of inulin in co-cultures of Lactobacillus 

acidophilus, L. rhamnosus, L. bulgaricus, and B. lactis with Streptococcus thermophilus, and 
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compared with their pure cultures. The authors did not verify any effects on the populations of 

probiotic strains or S. thermophilus in co-cultures. However, in a complementary study 

Oliveira, Perego, Converti, and Oliveira (2009b) evaluated the effect of inulin on kinetic 

parameters of growth and acidification of the same probiotic strains in co-culture with S. 

thermophilus and a pool composed of all tested strains. The authors observed higher populations 

of L. rhamnosus and B. lactis when these strains were in binary co-cultures with S. 

thermophilus, but in a pool with other probiotic cultures both strains presented lower 

populations (P<0.05) after 1 and 7 days of storage, due to a high competition for substrates.  

The LA-5 and BB-46 populations were slightly lower in the presence of ABP, but no 

significant differences (P<0.05) were detected. In contrast, Zhao & Shah (2014) observed that 

different concentrations of tea extract added in a fermented soymilk decreased the viability of 

B. longum CSCC 5022 below > 4 log CFU/mL in the presence of green tea and black tea, four 

times and five times concentrated, respectively. However, this effect was not observed for B. 

longum CSCC 5089, since there was a reduction of less than 1 log CFU/mL for the higher tea 

concentrations. 
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Table 4.4. Streptococcus thermophilus TH-4, Lactobacillus acidophilus LA-5, and Bifidobacterium spp. (log CFU equivalent/mL) in fermented 
soy beverages during the refrigerated storage (4º C). 

A,B Different superscript capital letters in a row for each microorganism denote significant differences during storage period (P<0.05). a,b,c Different lowercase superscript letters 
in a column denote significant differences between fermented soy beverage formulation (P<0.05). -  = not determined according to the experimental design (see Table 4.1). 
Values are expressed as mean (SD). *See Tables 4.2 for fermented soy beverage description. 
 
 

 

 

 

  

 

Fermented 
soy 

beverage* 

Microorganisms 

Streptococcus thermophilus TH-4 Lactobacillus acidophilus LA-5 Bifidobacterium longum 

1 day 14 days 28 days 1 day 14 days 28 days 1 day 14 days 28 days 

FSB1 9.33 (0.06)Aa 9.30 (0.18)Aa 9.38 (0.08)Aa - - - - - - 

FSB2 9.24 (0.04)Aa 9.14 (0.36)Aab 9.16 (0.11)Aab 7.72 (0.04)Aa 7.31 (0.33)Bab 7.35 (0.56)Bab - - - 

FSB3 9.06 (0.17)Aa 8.64 (0.26)Bbc 8.30 (0.43)Cc - - - 8.04 (0.38)Aa 8.09 (0.31)Aa 8.16 (0.24)Aa 

FSB4 9.11 (0.08)Aa 8.90 (0.08)Ab 8.98 (0.15)Ab - - - - - - 

FSB5 9.06 (0.23)Aa 8.65 (0.11)Bbc 8.84 (0.70)Ab 7.66 (0.30)Aa 7.43 (0.28)Aa 6.99 (0.20)Bb 7.84 (0.23)Aa 7.84 (0.14)Aab 7.97 (0.18)Aa 

FSB6 9.26 (0.14)Aa 9.17 (0.33)Aab 8.98 (0.19)Ab 7.52 (0.18)Aa 7.63 (0.07)Aa 7.46 (0.18)Aa - - - 

FSB7 8.72 (0.08)Ab 8.51 (0.30)ABc 8.30 (0.18)Bc - - - 7.69 (0.22)Aa 8.00 (0.37)Aa 7.98 (0.35)Aa 

FSB8 8.20 (0.03)Bc 8.60 (0.27)Ac 8.14 (0.10)Bc 7.60 (0.18)Aa 7.07 (0.43)Bb 7.09 (0.09)Bb 7.98 (0.23)Aa 7.38 (0.35)Ab 7.77 (0.53)Aa 
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3.2. Survival of probiotic and starter microorganisms under in vitro simulated 

gastrointestinal conditions 

The survival of S. thermophilus, L. acidophilus, and B. longum in the fermented soy 

beverages submitted to in vitro simulated GI conditions are shown in Figures 4.1, 4.2 and 4.3, 

respectively. The gastric phase (2 h) represented a limiting stage for the probiotic and S. 

thermophilus survival in the present study, since after 2 h of assay (gastric phase), populations 

of the three microorganisms studied showed reductions of up to 3.63 log CFU equivalent/mL 

for S. thermophilus TH-4 in FSB5 and 2.66 log CFU equivalent/mL for B. longum BB-46 in 

FSB7, both at 14 days of storage, and up to 5.89 log CFU equivalent/mL for L. acidophilus LA-

5 in FSB6 at 28 days of storage. In general, a significant increase (P<0.05) in L. acidophilus 

and S. thermophilus survival was observed at 14 days of storage for the gastric phase. However, 

a significant decrease in the survival of both strains was observed after 28 days of storage for 

the gastric phase, while the B. longum populations decreased significantly (P<0.05) in all 

storage periods in the same phase. Bedani et al. (2013, 2014) demonstrated that highest 

reductions in the viable cell of L. acidophilus were observed in the gastric phase. Similar results 

were reported by Uriot et al. (2016) for some S. thermophilus strains since the higher decreases 

in the S. thermophilus populations were observed after 120 minutes of retention in the stomach 

compartment of the gastrointestinal dynamic in vitro model (TIM-1). Prasanna and 

Charalampopoulos (2018) showed that free cells with initial populations of B. longum subsp. 

infantis CCUG 52486 above 8 log CFU/mL was not detected after 120 minutes of the gastric 

treatment. Besides, at the first day of storage higher LA-5 population were observed in FSB8 

comparing with the other formulations, which suggests that the co-culture with BB-46 and the 

presence of ABP may have contributed for this higher survival of LA-5. In addition, higher 

populations of BB-46 were observed in the formulations with LA-5 (FSB5), followed by the 

formulations which presented the probiotic co-culture and ABP (FSB8) in the same storage 

period and digestion phase. However, at 14 days fo storage, lower survival of LA-5 and BB-46 

were observed, respectively, for FSB8 and FSB3 and at 28 days of storage, lower survival of 

probiotic strains was observed in FSB2 for LA-5 and in FSB7 for BB-46. 
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Figure 4.1. Survival of S. thermophilus TH-4 (log CFU equivalent/mL) in fermented soy beverages during storage 
for 1, 14, and 28 days, before (0 h) and during exposure to static in vitro simulated gastric (2 h) and enteric (4 h 
and 6 h) conditions. A-F Different superscript capital letters denote significant differences among fermented soy 
beverages for the same storage period and the same sampling period of the in vitro assay (P<0.05). a-c Different 
superscript lowercase letters denote significant differences between different sampling periods of the in vitro assay 
for the same formulation (P<0.05). *See Table 4.2 for the description of fermented soy beverages.  

 

Additionally, reductions in the populations of all evaluated microorganisms were 

observed between 0 h (before the assays) and 6 h (after enteric phase II) of the survival assay 

of up to 3.88 log CFU equivalent/mL, 5.26 log CFU equivalent/mL, and 1.95 log CFU 

equivalent/mL, respectively, for TH-4, LA-5, and BB-46.  In the previous studies conducted by 

Bedani et al. (2013, 2014) with natural flavoured soy yoghurts and soy yoghurts containing 

fruit pulp, the authors observed a significant (P<0.05) decrease in the L. acidophilus LA-5 

populations under GI conditions simulated in vitro. Similarly, Buriti et al. (2010) reported a 

higher decrease in the LA-5 survival during in vitro GI assay of mouses.  
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Figure 4.2.  Survival of L. acidophilus LA-5 (log CFU equivalent/mL) in fermented soy beverages during storage 
for 1, 14, and 28 days, before (0 h) and during exposure to static in vitro simulated gastric (2 h) and enteric (4 h 
and 6 h) conditions. A-D Different superscript capital letters denote significant differences among fermented soy 
beverages for the same storage period and the same sampling period of the in vitro assay (P<0.05). a-c Different 
superscript lowercase letters denote significant differences between different sampling periods of the in vitro assay 
for the same formulation (P<0.05). *See Table 4.2 for description of fermented soy beverages.  
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Figure 4.3. Survival of Bifidobacterium longum BB-46 (log CFU equivalent/mL) in fermented soy beverages 
during storage for 1, 14, and 28 days, before (0 h) and during exposure to static in vitro simulated gastric (2 h) and 
enteric (4 h and 6 h) conditions. A-D Different superscript capital letters denote significant differences among 
fermented soy beverages for the same storage period and the same sampling period of the in vitro assay (P<0.05). 
a-c Different superscript lowercase letters denote significant differences between different sampling periods of the 
in vitro assay for the same formulation (P<0.05). *See Table 4.2 for the description of fermented soy beverages.  

 

Similarly to what was observed in the gastric phase, there was an increase in the 

survival at 14 days of storage and a decrease at 28 days for L. acidophilus and S. thermophilus, 

as well as a decrease in the B. longum population for all storage periods in the enteric phase II 

(after 6 h of the assay). In addition, the presence of acerola by-product influenced the survival 

of strains in the gastric phase in different forms. The presence of ABP increased significantly 

(P<0.05) the B. longum survival after 28 days of storage. In this sense, Matias et al. (2016) 
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showed that different formulations of ice cream influenced the survival of L. acidophilus and 

B. animalis significantly after in vitro simulated GI stress assay. Buriti et al. (2010) reported 

that milk fat, inulin, and whey protein concentrated (WPC) present in the different formulations 

of mousses exposed to refrigerated and frozen storage influenced the survival of L. acidophilus 

in different ways and reported an increased probiotic survival in the presence of inulin in 

refrigerated mousses. 

As described above by Buriti et al. (2010) and Matias et al. (2016), the formulations 

of probiotic and synbiotic products have a significant influence in the microorganism survival 

under in vitro GI simulated conditions. Therefore, to evaluate which formulation of the 23 

factorial design presented important differences regarding the survival of L. acidophilus, B. 

longum, and S. thermophilus after the gastric and enteric phases of the in vitro GI simulation, 

we carried out a principal component analysis (PCA) on a dataset of the surviving population 

of each microorganism for each in vitro simulated GI phase (before assay – 0 h, gastric phase 

– 2 h, and enteric phase II – 6 h). The refrigeration storage period (1, 14, and 28 days) also was 

considered in a second analyse. Figure 4.4 shows the effect of each fermented soy formulation 

on the surviving populations of Bifidobacterium longum (4.4A), Lactobacillus acidophilus 

(4.4B), and S. thermophilus (4.4C) under in vitro simulated GI condition of the different 

fermented soy beverages, while Figure 4.5 shows the effect on the surviving population of B. 

longum (Figure 4.5A), L. acidophilus (Figure 4.5B), and S. thermophilus (Figure 4.5C) under 

in vitro simulated GI condition of the different fermented soy formulations, for the different 

refrigeration storage periods (1, 14, and 28 days at 4 ºC). 
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Figure 4.4. Principal Component Analysis (PCA) graphs of general survival of Bifidobacterium longum 
BB-46 (A), Lactobacillus acidophilus (B) and Streptococcus thermophilus TH-4 (C) in the fermented 
soy beverages (blue), before (0 h) and during exposure to static in vitro simulated gastric (2 h) and 
enteric (6 h) conditions (red). *See Table 4.2 for the description of fermented soy beverages.  
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The first two principal components explained 98% of variability among different 

fermented soy beverages in relation to B. longum survivor (Figure 4.4A). Before the in vitro GI 

simulation (0h), the difference among B. longum populations in FSB3, FSB5, FSB7, and FSB8 

(see Table 4.2 to description of FSBs) was lower, according to the short vector represented 

(Figure 4.4A). The fermented soy beverage FSB8 presented the highest survival of B. longum 

compared to the other FSB in the gastric phase (2 h), while the FSB5 presented the lowest 

populations after the end of the enteric phase (6 h) and FSB3 had the highest survival in the 

same phase. When we include the effect of the storage period in the B. longum survival, the two 

first PC explain together 92.5% of the variation among the different fermented soy beverages 

(Figure 4.5A). As was observed for the formulation effect on the survival, the storage period 

showed a lower influence in the initial B. longum populations (0 h). Additionally, it was noted 

that the last storage period (28 days) tended to have a lower survival proportionally to the other 

storage periods in the enteric phase II, except for FSB8, which presented a higher survival of 

B. longum in this phase at 28 days of storage. Besides, for the gastric phase (2 h), it was observed 

that on the first day of storage FSB5 and FSB7 showed higher populations than FSB3 in the 

same storage period. On the other hand, in this same phase, FSB5 and FSB7 presented a lower 

survival than FSB8 and, mainly, FSB3 at 14 days of storage. 

The two first PC for the effect of different FSB under L. acidophilus was able to 

explain 99.69% of the variation (Figure 4.4B), and when we also include the effect of the 

storage period, it is able to explain 97.84% of the variation (Figure 4.5B). In both PC graphics 

(Figures 4.4B and 4.5B), the differences between the initial populations of L. acidophilus (0 h) 

and B. longum, was much lower for the fermented soy beverages and proportional in all storage 

periods. FSB6 showed the lowest survival after the gastric phase and the enteric phase II, 

compared to the other formulations with L. acidophilus. In the last storage period (28 days) it 

was verified that the fermented soy beverage tended to have a lower survival proportionally to 

the other gastric phase (2 h) and the enteric phase (6 h), except for FSB2 (with only L. 

acidophilus), which presented an average survival on this last day, mainly in the final phase 

(6h). The highest population of L. acidophilus after 6 h of trial tended to be on 14 days of 

storage for all fermented soy beverages, being slightly lower for FSB6. The same was observed 

after 2 h of the trial (gastric phase) for the same FSB, though, FSB8 and FSB5 also presented 

populations more similar to the other FSBs. 

The effect of different FSBs on S. thermophilus survival after GI simulation was shown 

in Figure 4.4C. The first two principal component explained 90.75% of the variability. The 

size of the vector for the end of the simulated GI assay (6 h) was higher for the different FSB 



119 
 

Chapter 4 
 

than after the gastric phase and the initial populations. The lower initial populations (0 h) of S. 

thermophilus were observed in FSB7 and FSB8 in comparison with the other FSB, mainly 

FSB1 (absence of probiotic and ABP) and FSB6 (presence of LA-5 and ABP) that presented 

the highest initial populations (0 h). After the gastric phase and mainly after the end of the 

enteric phase, FSB3 and FSB4 presented higher populations than other FSB. Lower survival 

was verified at 6h of assay for FSB2, followed by FSB7 and FSB8. On the other hand, the two 

first PC for the storage effect under S. thermophilus survival for the different FSB explain 

91.3% of the variation (Figure 4.5C), and the FSBs differences in the initial populations (0 h) 

was lower than the other simulated GI assay phase. In the first day of storage, S. thermophilus 

populations in FSB2 and FSB6 was lower in both gastric and enteric phases. The higher 

populations of S. thermophilus was observed for FSB4 in both phases and also for FSB3 and 

FSB5 after 6 h of GIT trial. On the 14th day of storage, the fermented soy beverages FSB2, 

FSB4, FSB5, and FSB6 showed higher survival of S. thermophilus than the other FSB, for the 

same storage day, after the gastric phase. On the 28th day of storage, FSB1, FSB3, and FSB6 

tended to have a higher survival of S. thermophilus than the other FSB after the end of the 

enteric phase. In the gastric phase, FSB5 was highlighted by the lower survival to 28 days of 

storage.  
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Figure 4.5. Principal Component Analysis (PCA) graphs of survival of Bifidobacterium longum BB-46 
(A), Lactobacillus acidophilus (B) and Streptococcus thermophilus TH-4 (C) in the fermented soy 
beverages during storage of 1 (purple), 14 (blue), and 28 (green) days, before (0 h) and during exposure 
to static in vitro simulated gastric (2 h) and enteric (6 h) conditions (red). *See Table 4.2 for the 
description of fermented soy beverages.  
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4. CONCLUSION 

High viabilities of probiotics and starter cultures were observed for all the FSB, from 

7 to 8 log CFU equivalent/mL and above 9 log CFU equivalent/mL, respectively, during the 28 

days of shelf-life. The presence of ABP and of the co-cultures did not affect the viability of 

both probiotic microorganisms and of S. thermophilus. Reductions in the survival of probiotic 

and starter cultures were observed after the end of the GI in vitro simulations (6 h), during the 

different storage periods evaluated. In general, the lowest populations of probiotic and starter 

culture were observed at 28 days of storage, when compared to days 1 and 14 of storage, with 

a clear exception of B. longum BB-46, which showed the highest survival at 28 days of storage 

in FSB8, containing the probiotic combination and ABP. L. acidophilus LA-5 showed the 

highest surviving populations at 14 days of storage. The highest surviving populations of S. 

thermophilus TH-4 were observed during the first 14 days of storage in FSB4, containing ABP, 

but without the probiotic combination, with a higher decrease of the surviving populations at 

28 days of storage for this beverage. Even though reductions in the survival of all 

microorganisms were observed at 28 days of storage, the FSB matrix with acerola by-product 

may be considered as a good vehicle for the probiotic strains tested against simulated 

gastrointestinal conditions, mainly for B. longum BB-46, which showed the lowest reductions 

in its population during the GI conditions simulated in vitro. Further studies involving the 

potential health benefits of acerola by-product incorporated in the fermented soy beverage 

containing probiotic strains like B. longum BB-46 are required. 
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ABSTRACT 

Background: Obesity and other diseases have been associated with a reduction in the bacterial 
diversity of the gut microbiota. Additionally, recent studies demonstrate that the use of fruit by-
products with a high content of bioactive compounds may be associated with different effects 
on the host’s health, as it seems to increase the diversity of the gut microbiota and reduce the 
risk for the onset of some diseases. Therefore, the effect of a fermented soy beverage with 
probiotic strains and acerola by-product on the modulation of composition and activity of lean 
and obese microbiota using the intestinal in vitro model TIM-2 was evaluated. 

Result: The acetate and lactate production by the lean microbiota for fermented soy beverage 
meals (SF1–without probiotic or acerola by-product (ABP); SF2–with Lactobacillus 
acidophilus LA-5 + Bifidobacterium longum BB-46, but without ABP; SF3–without probiotics, 
but with ABP; and SF4–with both LA-5+BB-46 and ABP) were much higher than that 
produced by the obese microbiota and/or for the control meal for both microbiotas, leading to 
a significantly higher (P<0.05) total SCFA content and energy extraction for the lean 
microbiota. In addition, lactate production increased significantly (P<0.05) for the meals 
containing probiotics combined with ABP than control, while the acetate increased significantly 
(P<0.05) in the presence of probiotics without ABP, also than control. The unweighted PCoA 
showed a clear separation between the lean and the obese microbiota, while the weighted PCoA 
showed that after 48 h of fermentation, the obese microbiota moved into the space occupied by 
the lean microbiota. Bifidobacterium spp. populations were higher in the lean microbiota and 
Lactobacillus spp. populations were higher in the obese microbiota. Additionally, high counts 
of B. longum were observed in both the lean and the obese microbiota, with a mean ratio 
between the B. longum/Bifidobacterium spp. of up to 64% in SF1 at 24 h for the lean microbiota 
and to 99% in SF3 at 48 h for the obese microbiota. On the other hand, L. acidophilus 
populations were lower in both the lean and the obese microbiota, presenting mean ratios 
between L. acidophilus/Lactobacillus spp. below 0.2%. 

Conclusion: Fermented soy beverage supplemented with ABP presented the best characteristic 
regarding modulation of the obese microbiota, with an increase in beneficial bacteria from the 
genera Bifidobacterium and Lactobacillus. Moreover, after 48 hours of intervention the obese 
microbiota was apparently similar to the lean microbiota. 

 

Key-words: Probiotic, acerola by-product, fermented soy beverage, intestinal in vitro model, 
human microbiota modulation 
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1. BACKGROUND  

The World Health Organization (WHO) estimated that, in 2014, more than 1.9 billion 

adults aged 18 years and older were overweight, of these over 600 million adults were obese. 

In general, about 13% of the world’s adult population were obese and 39% were overweight, 

in 2014. Additionally, in the same year, it was estimated that 41 million children under 5 years 

of age were overweight or obese. The obesity worldwide prevalence more than doubled 

between 1980 and 2014 [1]. At first considered a developed countries problem, overweight and 

obesity are now on the rise in low- and middle-income countries, particularly in urban settings. 

The impact of dietary habit and lifestyle is currently under investigation, but the role of other 

predisposing factors, such as genetic determinants and family history, still needs to be 

elucidated. In humans, obese subjects are supposed to have a more efficient microbiota in 

energy extraction from food, due to the detection of quantitative difference in the major 

bacterial group in obese subjects compared to lean ones [2].  

Nowadays, the studies are intensifying to find out the causative factors of obesity, due 

the high worldwide worry about the serious pathological role of obesity. Gut microbiota has 

gained a growing interest as an environmental factor that may affect the predisposition towards 

adiposity [3]. Recent discoveries in this field have shown a possible relationship between the 

composition patterns of the intestinal microbiota and obesity [4]. Studies have evidenced that a 

high-fat diet may induce changes in the gut microbiota in animal models regardless of the 

presence of obesity. In humans, obesity and other disorders as type 2 diabetes mellitus (T2D) 

have been associated with reduced bacterial diversity and an altered representation of bacterial 

species, but the identified differences are not homogeneous among the studies [4,5]. 

The human gut works is the home to a vast number of microorganisms, the microbiota, 

and their genomes complement our own set of genes. The gut microbiota functions at the 

intersection between host genotype and diet to modulate host physiology and metabolism, and 

recent data revealed that the gut microbiota could affect obesity [6]. The gut microbiota 

contributes to host metabolism by several mechanisms including increased energy harvest from 

diet, modulation of lipid metabolism, altered endocrine function, and increased inflammatory 

tone. The gut microbiota could thus be considered to be an environmental factor that modulates 

obesity and other metabolic disease [6,7]. The diet composition presents a crucial factor in the 

control of the communities of microorganisms of the gut microbiota. The quality and amount 

of macronutrients as carbohydrates, proteins, and fats from the diet present a high impact on 

the intestinal microbiota and, thus in the prevention and treatment of some diseases [8,9]. In a 

review, intestinal microbiota dysbiosis were reported by Jonkers [10] for subjects with any food 
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or nutritional disturbance, whether due to poor diet and/or malabsorption. In view of this, 

research has been conducted and demonstrated that specific modification of the diet can 

modulated the gut microbiota by reducing the production of undesirables metabolites, while 

increasing the beneficial microorganisms and metabolites, thus preventing and treating diseases 

associated with obesity. Intestinal microbiota modulation by probiotics and prebiotics, alone or 

in combination (synbiotics) have been pointed as a promising alternative to prevent and 

treatment of obesity and related disease [11]. Zhang et al. [6] demonstrated that the 

manipulation of diet, including the nondigestibles carbohydrates (amongst which prebiotics), 

of morbidly obese children modified the gut microbiota for a more healthy composition, with a 

decrease of bacteria that can produce potentially toxic metabolites and an increase of level of 

bacteria that produced potential beneficial metabolites. Additionally, Bagarolli et al. [12] 

described that probiotic strains modulated the gut microbiota in an in vivo model using diet-

induced obesity mice (DIO mice), reversing the obesity-related characteristics, inducing an 

increase in hypothalamic insulin resistance. Rasmussen and Hamaker [13] showed that 

prebiotics and dietary fibres, when fermented by gut microbiota, resulted in the modulation of 

this intestinal microbiota and in the production of metabolic compounds with beneficial effect 

such as short-chain fatty acids (SCFA), which could reduce the inflammation process in 

inflammatory bowel disease. 

The identification of bioactive ingredients with proven appetite-reducing effects and 

the development of functional foods containing them could be useful in managing body weight 

and preventing overweight/obesity and their related diseases [14]. Several studies have shown 

that the food industry by-products can be sources of compounds with high nutritional value and 

potentially valuable bioactive compounds [15,16]. Among these bioactive compounds, dietary 

fibres and their several degrees of solubility ought to be highlighted. This solubility and the 

formation of gels in the gastrointestinal tract may help the dietary fibre to reach the colon and 

be fermented by the gut microbiota, and the products of this fermentation can be associated to 

different effects on host health and well-being. Among these effects, increasing the colon 

bacteria biomass, the reduction of colonic pH through the production of SCFA, which are 

important for enterocytes nutrition and the inhibition of pathogenic bacteria, ought to be 

highlighted [17]. Dietary fibres from fruit by-products processing have shown to be endowed 

with the potential to promote an increase in the population of beneficial colonic bacteria such 

as those from the genera Lactobacillus and Bifidobacterium [18]. Vieira et al. [19] observed in 

vitro in pure cultures that acerola by-product showed a high selectivity for beneficial strains 
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over undesirable bacteria and could be used as promising candidate for novel sources of 

prebiotic ingredients. 

The substitution of milk for soluble soy extract in fermented products is described as 

a promising alternative in the development of new products in Brazil [20]. Several benefits are 

attributed to the fermentation of soluble soy extract. Among them, the reduction of 

carbohydrates considered responsible for bloating and flatulence, the increase in the levels of 

free isoflavones, and the production of bioactive peptides known to confer health benefits to 

the host [21,22]. Additionally, studies have shown that the consumption of fermented soy-based 

products may reduce cholesterol concentrations, thereby reducing cardiovascular disease risk 

[23,24], and other metabolic disorders and diseases associated with obesity. Accordingly, the 

combination of functional properties of acerola by-product and soluble soy extract with 

probiotic microorganisms may result in a multi-functional fermented soy product with potential 

for advantageous changes in the obese human intestinal microbiota. Therefore, the aim of this 

study was to evaluate the impact of fermented soy probiotic beverages supplemented with 

acerola (Malpighia emarginata DC) by-product on the composition and metabolic activity of 

human lean and obese microbiota, using the in vitro intestinal model TIM-2. The experiments 

were conducted in order to evaluate the possible benefits that the consumption of fermented 

soy beverages with acerola by-product may have on the composition and/or activity of the 

microbiota of obese and lean individuals. 

 

2. METHODS 

2.1.Probiotic and starter cultures and acerola by-product origin 

Probiotic cultures (Lactobacillus acidophilus LA-5 and Bifidobacterium longum BB-

46) and starter culture (Streptococcus thermophilus TH-4) were supplied by Chr. Hansen 

located at Hørsholm, Denmark. The strains were activated with two successive transfers from 

stock cultures by inoculation, as followed: L. acidophilus LA-5 was activated by inoculation in 

de Man, Rogosa & Sharpe (MRS) broth (Difco, Le Pont de Claix, France), B. longum BB-46 

in MRS broth (Difco) containing L-cysteine hydrochloride hydrate (0.05%, w/v, Sigma-

Aldrich, Germany) and S. thermophilus TH-4 in Hogg-Jago glucose broth (HJ) followed by 

incubation for 24 h at 37 ºC under aerobic conditions, except for BB-46, which was incubated 

under anaerobic conditions in an anaerobic chamber (Bactron 600, Sheldon Manufacturing Inc., 

Oregon, USA). After the second incubation, the inocula were washed twice using saline 

solution (NaCl, 0.85%, w/v, Sigma-Aldrich) and the cells collected by centrifugation at 13,000 
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xg for 10 minutes (K243R, Centurion Scientific Ltd., UK), and stored at 4 ºC until the 

production of the fermented soy beverage took place. The acerola (Malpighia emarginata DC) 

by-product was supplied by a fruit processing company located in São Paulo, Brazil and the 

resulting by-product flour was obtained as a fine powder (<0.42 mm) as described by Vieira et 

al. [19]. 

 

2.2.Experimental design and fermented soy beverage manufacture 

A 22 factorial randomized design was employed and four pilot-scale production trials 

of fermented soy beverage (SF) were produced, in triplicates, in order to evaluate the probiotic 

combination (Bifidobacterium longum BB-46 and Lactobacillus acidophilus LA-5), as Factor 

1 (PRO = X1), and the acerola by-product powder, as Factor 2 (ABP = X2) in two levels 

(presence or absence) during manufacture of SF according to Table 5.1. All beverages were 

fermented with the starter culture Streptococcus thermophilus TH-4. Each formulation of SF 

was manufactured in batches of 1 L.  

The soy extract powder (200 g/L, Mãe Terra, São Paulo, Brazil) was diluted in distilled 

water with the assistance of a hand blender (Bosch, Slovenia) and heated in an electric stove 

under constant agitation. After achieving 50 ºC, sucrose (50 g/L, Jumbo Supermarkten B.V., 

Veghel, The Netherlands) and dextrose (10 g/L, Roquette, Lestrem, France) were added and 

mixed with a hand blender for approximately 1 min, and heating continued until achieving 80 

ºC, when carrageen gum (1 g/L, ETM 3, AgarGel, São Paulo, Brazil) was added and mixed 

again until complete dissolution of the gum. When the mixture achieved 90 ºC, it was 

pasteurized (5 min at 90 ºC). For formulations SF3 and SF4, when the mixture achieved 90 ºC, 

the acerola by-product powder (20 g/L) was added and the mixture was pasteurized (5 min at 

90 ºC) (see Table 5.1). After pasteurization, all soy bases were cooled in an ice bath to 37 ºC, 

for the previously prepared inoculum addition, followed by incubation at 37 ºC in a water bath 

(SW23, Julabo®, Seelbach, Germany) until achieving pH 5.5. Afterwards, the beverage was 

cooled and kept at 4 ºC for 2 h, when concentrated acerola juice was added and mixed. Next, 

the SF were packaged in plastic containers and stored at 4 ºC, until the TIM-2 trials in the 6th 

and 7th days of storage. 
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Table 5.1. Variables employed in the production of the fermented soy beverages (SF) studied. 

Assay 

Factors studied 

Probiotics combination Acerola by-product 

X1 X2 

SF1 - - 

SF2 + - 

SF3 - + 

SF4 + + 

+ = presence - =absence 

 

2.3. In vitro evaluation of the effect of the fermented soy beverages on the composition and 

metabolic activity of the gut microbiota 

2.3.1. Lean and obese faeces collection and standardization 

Faecal samples were obtained from 5 lean (age range 20-33; 2 males, 3 female) and 

13 obese (age range 31-67; 6 males, 7 female) healthy volunteers. Volunteers who donated 

faeces signed an informed consent form. The individuals were non-smokers and had not used 

antibiotics, prebiotics, probiotics, or laxatives 3 weeks prior to the donation. The standardized 

lean and obese microbiota used to inoculate the TIM-2 system was collected and prepared 

according to Aguirre et al. [25]. The resulting samples were snap-frozen in liquid nitrogen and 

stored at -80 ºC. 

 

2.3.2. Standard Ileal Efflux Media (SIEM) and dialysate (Dial) 

The feeding substrate used for microbiota fermentation in TIM-2 simulates (Standard 

Ileal Efflux Media – SIEM) was composed of the average non-digestible carbohydrates 

consumed in a normal western diet. The medium was modified from Gibson et al. [26] for 

experiments in TIM-2, with a composition of carbohydrates solution [12 g.L-1 pectin from citrus 

(Sigma-Aldrich), 12 g.L-1 xylan (Sigma-Aldrich), 12 g.L-1 arabinogalactan (Sigma-Aldrich), 12 

g.L-1 amylopectin (Avebe, Veendam, The Netherlands), 100 g.L-1 soluble starch (Fisher 

Scientific, UK)], 25 g TBCO 6.25x [270 g/L Tween 80, 375 g.L-1 bacterial peptone, 375 g.L-1 

casein, 6.25 g.L-1 ox-bile, pH set, 5.8, Tritium Microbiology, Eindhoven, The Netherland], 2 g 

magnesium sulphate hexahydrate solutions [MgO4S.6H2O, 50 g.L-1, pH set 5.8, Sigma-

Aldrich], 2 g L-cysteine HCl solution [20 g.L-1, Sigma-Aldrich], 4 g salts [25 g.L-1 

K2HPO4.3H2O, 45 g.L-1 NaCl, 4.5 g.L-1 CaCl2.2H2O, 0.05 g.L-1 FeSO4.7H2O, 0.1 g.L-1 hemin, 

Tritium Microbiology]. It does not require pre-digestion and the pH is set to 5.8. Dialysate (dial) 
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was formulated in a total of 5 L as follow: 500 mL of Dial base solution (25 g.L-1, 

K2HPO4.3H2O; 45 g.L-1, NaCl; 0.05 g.L-1, FeSO4.7H2O; 0.5 g.L-1, ox-bile; Sigma-Aldrich; pH 

set to 5.8), 50 mL magnesium sulphate hexahydrate solution (described above), 50 mL of 

calcium chloride solution (45 g.L-1, CaCl2.2H2O), 100 mL of L-cysteine HCl solution 

(described above), 5 mL of vitamin complex solution (1 mg.L-1, menadione; 2 mg.L-1, D-biotin; 

0.5 mg.L-1, vitamin B12; 10 mg.L-1, pantothenate; 5 mg.L-1, nicotinamide; 5 g.L-1, para-

aminobenzoic acid; 4 g.L-1, thiamine; all from Tritium Microbiology) and distillate water to 

complete 5 L. 

 

2.3.3. Pre-digestion of the fermented soy beverage  

After 6 and 7 days of storage, the SF were submitted to a pre-digestion in 3 steps (gastric, 

enteric I, and enteric II phases) before their inoculation in TIM-2, carried out according to Buriti 

et al. [27], with slight modification as follows. Gastric enzymes (gastric pepsin and lipase with 

final concentration 3 g.L-1 and 0.9 mg.L-1, respectively, both from Sigma-Aldrich) were added 

to samples of 25 g of each fermented soy beverage, the pH adjusted with HCl 1 M to 2.0-2.2, 

and incubated in a water bath (Julabo®) at 37 ºC for 2 h with constant agitation of approximate 

150 rpm. After gastric phase simulation, the pH of samples was adjusted to 4.5-4.7 using an 

alkaline solution pH 12 (NaOH [6 g.L-1] and NaH2PO4 [10.8 g.L-1], Sigma-Aldrich). Bile (pork 

bile, Sigma-Aldrich) and pancreatin (pork pancreatin, Pancrex powder, Zoetis Belgium SA, 

Belgium) were added to a final concentration of 10 g.L-1 and of 1 g.L-1, respectively, and 

incubated again at 37 ºC for 2 h to simulate enteric phase I. Next, the pH was adjusted to 5.5-

5.9 using the alkaline solution described above, containing bile and pancreatin maintained at 

concentrations of 10 g.L-1 and 1 g.L-1, respectively, and the samples were incubated for another 

2 h at 37 ºC to enteric II phase simulation, reaching a total of 6 h of pre-digestion, with final 

volume of 52.5 mL to be introduced in TIM-2 units. In the end of the pre-digestions, each 

sampling shot inoculated in each TIM-2 unit had a mean concentration of live cells of 

Streptococcus thermophilus TH-4 of the 10.19 ± 0.94 log CFU equivalent/portion for all 

fermented soy beverages. For the probiotic beverages (SF2 and SF4) the Lactobacillus 

acidophilus LA-5 and Bifidobacterium longum BB-46 mean viable cell were, respectively, 7.25 

± 1.04 log CFU equivalent/portion and 9.30 ± 0.64 log CFU equivalent/portion. The same 

condition used for the fermented soy beverages pre-digestion was carried out for 25 g of dial 

(described above) which was introduced in TIM-2 as the control meal.  
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2.3.4. TIM-2 experimental protocol 

The TIM-2 system (Figure 5.1) was described in detail by Maathuis et al. [28]. Before 

each experiment, TIM-2 units were flushed for 3 h with N2 prior to the introduction of the 

microbiota inoculum (30 mL of standardized faecal samples, plus 90 mL of dialysate solution 

yielding a total of 120 mL total system volume) and it was maintained under this conditions at 

37 °C for all assay period with the pH kept at or above 5.9 by automatic titration with 2 M 

NaOH. The dialysate system, consisting of the semi-permeable hollow membrane through the 

lumen was responsible for removing excessive volume and fermentation metabolites from the 

TIM-2 units. For all experiments, the dialysis fluid was set at 1.5 mL/min. The microbiota was 

adapted for 22 h with standard medium (SIEM) at an introduction rate of 2.5 mL/h. After this 

adaptation period, a 48 h experimental period was started (Figure 5.2). SIEM was added in all 

TIM-2 units throughout this period, at the same rate as the adaptation period. Two shots of 52.5 

mL of pre-digested fermented soy beverage or dial, as the control microbiota (Table 5.2), were 

introduced: immediately after the adaptation period (0h) and after 24 h of fermentation, in each 

TIM-2 unit (Figure 5.2). To simulate the passage of material from the proximal to the distal 

colon and for the collection of samples for the microbiota and metabolic determinations, total 

lumen samples of 25 mL were removed from the system, at 0 h (after the adaptation period), 

24 h and 48 h of the fermentation assay. 

 

2.4. Metabolic products determinations 

2.4.1. Short-chain fatty acids, branched-chain fatty acid and lactate  

The samples of lumen and spent dialysis from TIM-2 were analysed for of microbial 

metabolites. For the organic acids (short-chain and branched-chain fatty acids, and lactate) 

samples from TIM-2 were centrifuged at 15,700 xg for 10 minutes (K243R, Eppendorf, 

Centurion Scientific, UK), and filtered through a 0.45 µm PFTE filter (Sigma-Aldrich), and 

diluted where necessary with the mobile phase. Ten microliters were loaded on the column by 

an autosampler 730 (Metrohm). Molecules were eluted according to their pKa. For this purpose, 

an ion exclusion chromatography (IEC) using a 883 Ion Chromatograph (IC; Metrohm, 

Switzerland), equipped with a Transgenomic IC Sep ICE-ION-300 column (30 cm length, 7.8 

mm diameter and 7 µm particles) and a MetroSep RP2 Guard. The mobile phase consisted of 

1.5 mM aqueous sulphuric acid. A column flow of 0.4 ml/min was used. The temperature of 

the column was 65 °C. The organic acids were detected using suppressed conductivity 
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detecting. The analyses of organic acids were performed by Brightlab (Venlo, The 

Netherlands). 

 

 

Figure 5.1. (A) Schematic representation of the large intestine (TIM-2 system) from Maathuis et al. 
[28]. (a) peristaltic compartment containing faecal matter; (b) pH electrode; (c) alkali pump; (d) dialysis 
liquid circuit with hollow fibre membrane; (e) level sensor; (f) N2 gas inlet; (g) sampling and shot port; 
(h) gas outlet; (i) “ileal efflux” container (with SIEM); (j) temperature sensor. (B) Photographs of the 
cabinet with the 4 units of TIM-2. 
 

Table 5.2. Meal treatment description employed in TIM-2 trials with lean and obese 
microbiota. 

Treatment Adaptation period Intervention period 

Control SIEM SIEM + pre-digested dialysate 

SF1 SIEM 
SIEM + pre-digested fermented soy beverage without probiotic 

strains and acerola by-product 

SF2 SIEM 
SIEM + pre-digested fermented soy beverage with probiotic 

strains and without acerola by-product 

SF3 SIEM 
SIEM + pre-digested fermented soy beverage without probiotic 

strains and with acerola by-product 

SF4 SIEM 
SIEM + pre-digested fermented soy beverage with probiotic 

strains and acerola by-product 

SIEM - Standard Ileal Efflux Media 
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Figure 5.2. Schematic representation of the experimental set up with timeline for the TIM-2 model. *T-
22 – Adaptation period of 22 h before the test compound with meal treatments in the TIM-2 model. 
**See Table 5.2 for the meal description. 

 

2.4.2. Energy extraction for the host in the form of SFCA and lactate 

For the energy extraction for the host in the form of SCFA and lactate, the following 

values for acetate, propionate, butyrate, and lactate were used for calculation respectively, 874, 

1536, 2192 and 1364 kJ mol-1 [29]. 

 

2.5. PMA treatment and DNA extractions from TIM-2 samples 

The PMA treatment was carried out as described by Nocker et al. [30], with slight 

modifications as described by Villareal et al. [31]. Aliquots of 200 µL of “lumen” samples 

collected from TIM-2 at t = 0 h, 24 h and 48 h were washed twice with 500 µL of sterilized Tris 

EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, TE buffer, pH 8) and centrifuged at 15,700 xg 

for 10 min at 4 ºC (K243R, Eppendorf). The resulting pellet was resuspended in 500 µL of PBS 

buffer with PMA (phenanthridium, 3-amino-8-azido-5-[3-(diethylmethylammonio) propyl]-6-

phenyl dichloride; Biotium, Inc., Hayward, CA, USA) to a final concentration of 50 mM. 

Following incubation in an ice bath for 5 min in the dark, duplicate samples were light-exposed 

for 15 min at a distance of around 20 cm from a 650-W halogen light source (DWE, 650 W, 

120 V, GE, Lighting, East Cleveland, OH, USA) in an ice bath, in order to avoid the sample 

temperature to increase excessively, while mixing for 5 min. After the PMA treatment, the 
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samples were centrifuged (15,700 xg for 10 min at 4 ºC) and the cell pellet was resuspended in 

500 µL of TE buffer prior to the DNA isolation procedure, as described below.  

For DNA extraction from PMA-treated TIM-2 samples, these samples were 

transferred to 2 mL centrifuge tubes containing 0.25 g of 0.1 mm zirconia beads (Biospect, 

Bartlesville, OK, USA) and 3 glass beads (2.5 mm, Biospect), after which 300 µL of Stool 

Transport and Recovery buffer (STAR buffer, Roche, NJ, USA) were added. The cells were 

mechanically lysed using a Precellys 24 (Bertin Technologies, USA) at room temperature at 

5.5 ms for 3 times of 1 min each. Next, the lysed samples were heated at 95 ºC for 15 min under 

shaking at 100 rpm in a shaking incubator (VorTempTM 56, Labnet, NJ, USA), after which the 

samples were centrifuged at 4 ºC for 5 min at 21,000 xg (centrifuge model 5424 R, Eppendorf, 

Germany). The supernatant was transferred to a new tube of 1.5 mL and the procedure was 

repeated one more time, but using 200 µL of STAR buffer. For DNA purification, the 

MaxWell® 16 Tissue Lev Total RNA purification kit (XAS1220, Promega, WI, USA) was 

employed, as follows: Aliquots of 250 µL of extracted sample were transferred to a 

MaxWell®16 LEV cartridge rack XAZ1220 and purified in a Maxwell® 16 Instrument 

(Promega, South Korea) according to Van Lingen et al. [32]. Next, the purified DNA was eluted 

in 50 µL of Nuclease-Free water (Qiagen, USA). DNA concentration and quality were 

determined using a DS-11 Microvolume Spectrophotometer (DS11SX, DeNovix, GL Biotech, 

UK). 

 

2.6. Quantitative Real-Time PCR (qPCR) 

The reactions were performed using an ABI-PRISM 7500 sequencing detection 

system (Applied Biosystems, Bridge-water, NJ, USA). The reaction mixtures (25 µL) contained 

the PCR Master Mix, each primer at the appropriate concentration (Table 5.3), and 5 µL of the 

template DNA. For determination of Lactobacillus spp., the amplification program was: 50 ºC 

for 2 min, 95 ºC for 10 min, and 40 cycles of 95 ºC for 15 s, 58 ºC for 20 s, and 72 ºC for 30 s 

(fluorescence measure) adapted from Rinttilä et al. [33]. On the other hand, the amplification 

programs used for total bacteria and Bifidobacterium spp. were described by Furet et al. [34]. 

For determination of target species L. acidophilus and S. thermophilus, amplification programs 

were described by Tabasco et al. [35] and Falentin et al. [36], respectively. For B. longum, the 

amplification program was adapted from Gueimonde et al. [37] as follow: 50 ºC for 2 min, 95 

ºC for 10 min, and 40 cycles of 95 ºC for 15 s, 65 ºC for 1 min and 30 s. To discriminate the 

target from the non-target PCR products in SYBR Green qPCR reactions, the melting curve 
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analysis was carried out after amplification. In order to quantify each target microorganisms 

and/or group, standard curve were generated by serially 10-fold dilutions of genomic DNA 

and/or 16S rRNA gene (108-100 copies per µL, except for total bacteria which was 109-101 

copies per µL) amplified from the respective target strains. For L. acidophilus, the 16S rRNA 

was used, considering strain L. acidophilus NCFM as the reference strain, with the number of 

copies of the16S rRNA gene in L. acidophilus genome estimated as four [38]. Finally, the target 

count was estimated by comparing the samples threshold cycle (Ct) and a standard curve Ct, 

with coefficients of efficiency from 89 to 105% and the correlation coefficients (r2) between 

0.99 and 1.00. Additionally, non-template controls (NTC) samples were carried out in all qPCR 

runs and tested negative. All assays were performed at least in duplicate for TIM-2 trials and in 

triplicates for qPCR reactions (a total 6 individual values) and the average values expressed as 

log CFU equivalent/mL of “lumen” were used for analysis. 

 

2.7. Microbiota analysis and bioinformatics  

In In order to microbiota analysis regarding the feacel samples from TIM-2, the 

Illumina 16S rRNA gene amplicon libraries were generated and sequenced. In short, barcoded 

amplicons from the V3-V4 region of 16S rRNA genes were generated using a 2-step PCR. 10-

25 ng genomic (g)DNA was used as template for the first PCR with a total volume of 50 ul 

using the 341F (5’-CCTACGGGNGGCWGCAG-3’) and the 785R (5’-

GACTACHVGGGTATCTAATCC-3’) primers appended with Illumina adaptor sequences. 

PCR products were purified and the size of the PCR products were checked on Fragment 

analyzer (Advanced Analytical) and quantified by fluorometric analysis. Purified PCR products 

were used for the 2nd PCR in combination with sample-specific barcoded primers (Nextera XT 

index kit, Illumina). Subsequently, PCR products were purified, checked on a Fragment 

analyzer (Advanced Analytical) and quantified, followed by multiplexing, clustering, and 

sequencing on an Illumina MiSeq with the paired-end (2x) 300 bp protocol and indexing. The 

sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8.3) with demultiplexing 

based on sample-specific barcodes. The raw sequencing data produced was processed removing 

the sequence reads of too low quality (only "passing filter" reads were selected) and discarding 

reads containing adaptor sequences or PhiX control with an in-house filtering protocol. A 

quality assessment on the remaining reads was performed using the FASTQC quality control 

tool version 0.10.0. Quality trimming was applied based on Phred quality scores.  
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Table 5.3 qPCR reactions information 

Target 
Standard 
cultures 

Primer and 
probes 

Sequence 5’-3’ 
Concentration 

(nM) 
Master Mix3 Reference 

Total bacteria 
Escherichia coli 

DH5αTM 1 

F_Bact 1369 CGGTGAATACGTTCCCGG 200 

1 x TaqMan Furet et al. [34] 
R_Prok1492 TACGGCTACCTTGTTACGACTT 200 

P_TM1389F 
6FAM-CTTGTACACACCGCCCGTC-

TAMRA 
250 

Bifidobacterium 
spp. 

Bifidobacterium 
longum BB-46 2 

F_Bifid 09c CGGGTGAGTAATGCGTGACC 200 

1 x TaqMan Furet et al. [34] R_Bifid 06 TGATAGGACGCGACCCCA 200 

P_Bifid 6FAM-CTCCTGGAAACGGGTG-TAMRA 250 

Lactobacillus 
spp. 

Lactobacillus 
acidophilus LA-

5 2 

Lac-F AGCAGTAGGGAATCTTCCA 500 
1x Sybr Green 

PCR 
Rinttilä et al. [33] 

Lac-R CAC CGC TAC ACA TGG AG 500 

Bifidobacterium 
longum group 

Bifidobacterium 
longum BB-46 2 

Bif_L_F TTCCAGTTGATCGCATGGTCTTCT 200 
1x Sybr Green 

PCR 

Adapted from 
Gueimonde et al. 

[47] Bif_L_R GGCTACCCGTCGAAGCCACG 200 

Lactobacillus 
acidophilus 

16SrDNA from 
Lactobacillus 

acidophilus LA-
5 2 

Acidfor AGCGAGCTGAACCAACAGAT 200 
1x Sybr Green 

PCR 
Tabasco et al. 

[35] Acidrev AGGCCGTTACCCTACCAACT 200 

Streptococcus 
thermophilus 

Streptococcus 
thermophilus 

Th-42 

Strep_t_F GTTCACACTGTGACGGTAGCTT 500 
1x Sybr Green 

PCR 
Falentin et al. [36] 

Strep_t_R GAGCCACAGCCTTTAACTTCAGA 500 

1Thermo Fisher Scientific, USA; 2Chrstian Hansen, Hørsholm, Denmark; 3Applied Biosystem, USA 
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To the bioinformatic of data, subsequently sequences were analysed using the QIIME-

pipeline version 1.9.1 [39]. Unique sequences were aligned using the “align.seqs” command 

and an adaptation of the Bacterial SILVA SEED database as a template [40]. In order to ensure 

that comparable regions of the 16S rDNA gene were analyzed across all reads, sequences that 

started before the 2.5-percentile or ended after the 97.5-percentile in the alignment were filtered. 

Potentially chimeric sequences were removed. Sequences were aligned and clustered into 

operational taxonomic units (OTUs; defined by 97% similarity). A biom table file was 

generated which was subsequently employed for diversity analysis. Rarefaction curves were 

computed with the “alpha_rarefaction.py”, using Simpson metric and a rarefaction depth value 

of 1225 sequences. Principal Coordinate Analysis (PCoA) plots were obtained using the 

“beta_diversity_through_plots.py” command, selecting Unweighted UniFrac as desired metric 

to generate the distance matrix [39]. The heatmap of the relative abundance were performed in 

the RStudio® (RStudio, Northern Ave, USA). 

 

2.8. Statistical analysis 

The Shapiro-Wilk test was used to verify data normality, and the Bartlett test was used 

to check assumptions of homoscedasticity. The α-diversity data (PD_whole_tree) of both 

microbiotas were submitted to the parametric variance analyses (ANOVA) and to means 

comparison by Tukey test with a significance level of P<0.05. The other α-diversity data and 

also metabolic products, energy extraction and PMA-qPCR data not showing normality and 

homoscedasticity were submitted to Kruskal-Wallis and to means comparison by the Fisher 

LSD test with a significance level of P<0.05. In order to evaluate the microbiota effect on 

metabolic compounds, energy extraction, as well as on different microorganisms’ target by 

qPCR assay, data were submitted to the Mann-Whitney U test. Additionally, the short-chain 

fatty acids, branched-chain fatty acids, and energy extraction data were also submitted to the 

Mann-Whitney U test in order to evaluate the difference between each fermented soy beverage 

meal and the control meal treatment for each microbiota independently. The statistical package 

Statistica 13.0 (StatSoft, Tulsa, OK, USA) was employed, and the results were presented as 

means ± standard deviation (SD). 

 

3. RESULTS  

3.1. Metabolite production 

The mean of cumulative short-chain fatty acids (SCFA) and lactate produced during 

the fermentation TIM-2 trials are shown in Figure 5.3. The effects of the microbiota and the 
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experimental meals (fermented soy beverages), as well as of their combination (microbiota x 

meals) in the SFCA and lactate cumulative production, were evaluated. Generally, significant 

differences were observed between the lean and the obese microbiota for acetate (P<0.001), 

propionate (P<0.05), and lactate (P<0.001) cumulative concentration after 48 h of fermentation 

in TIM-2 system, with acetate and lactate prevailing for the lean microbiota, whereas propionate 

predominated for the obese microbiota. In addition, lactate production increased significantly 

(P<0.05) for the meals composed by the probiotics combination (Lactobacillus acidophilus 

LA-5 and Bifidobacterium longum BB-46) with acerola by-product (ABP), while the acetate 

increased significantly (P<0.05) in presence of the probiotics without ABP. On the other hand, 

no significant influence was observed for any of the factors studied regarding the n-butyrate 

cumulative concentration after 48 h of TIM-2 fermentations, but the meals SF2 and SF3 had 

significantly higher concentrations in comparison with the control meal (see Table 5.2 for the 

meal description) in the lean microbiota.  

The ratio of SCFA and lactate production, as well as the energy extraction from SCFA 

are shown in Figure 5.4. Acetate was the SCFA in higher proportion in both, the lean and the 

obese microbiota. In addition, the lean microbiota presented the highest, even though not 

significantly higher (P>0.05), energy extraction from SCFA (195.79 kJ for the SF4). No 

significant differences (P>0.05) were observed in the energy extraction for the fermented soy 

beverage meal in both microbiota, but the energy extraction in the TIM-2 units inoculated with 

fermented soy beverages were significantly higher (P<0.05) than that of the control meal in the 

lean microbiota. 

Figure 5.5. shows the cumulative production (mmol) of BCFA (iso-valerate and iso-

butyrate) at t48 by the lean and the obese microbiota. The lean and the obese microbiota were 

significant different (P<0.001) for the i-butyrate, i-valerate and total BCFA production after 48 

h of fermentation in the TIM 2 system. In the obese microbiota the BCFA production was 

significantly higher (P<0.05) than that in the lean microbiota, but in both microbiota, the meal 

did not present a significant influence in the BCFA production, since that no difference from 

the control meal was observed for all BCFA. 
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Figure 5.3 Average kinetics of cumulative short-chain fatty acids (SCFA) (A) acetate, (B) propionate and (C) n-
butyrate), as well as (D) lactate production (mmol) in the experiment with the lean microbiota (blue) and the obese 
microbiota (red) for the different meal tested, after the microbiota stabilization (t0), 24 h (t24), and 48 h (t48) of 
TIM-2 the trial (n=2). The concentration at t0 was artificially set to zero. A-B Different capital letters for each SCFA 
and/or lactate indicate significant differences (P<0.05) in the final cumulative SCFA and/or lactate concentration, 
between different microbiota in the same meal a-b Different lowercase letters for each SCFA and/or lactate indicate 
significant differences (P<0.05) in the final cumulative SCFA and/or lactate concentration, between the different 
meals for a same microbiota. # Indicate significant differences (P<0.05) between the control meal and each 
treatment meal for the same microbiota. See Table 5.2 to description of different meals tested.  
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Figure 5.4. Short-chain fatty acids and lactate ratios (%), and energy extraction (kJ) from the different meals at 
48 h for the lean and the obese microbiota tested. See Table 5.2 to description of meals. *Denote significant 
difference (P<0.05) of fermented soy beverages meal and the control meal. 

 

 
Figure 5.5. Cumulative breach-chain fatty acids (BCFA) production by the lean and the obese 
microbiotas after 48 h of the experimental meals (n=2). A-B Different capital letters for each BCFA 
indicate significant differences (P<0.05) in the final cumulative BCFA concentration, between different 
microbiota in the same meal.  

 

3.2.Microbial compositional changes 

The heatmap with the relative abundance (RA%) for phyla in Figure 5.6 demonstrates 

that Firmicutes, Actinobacteria, and Bacteroidetes were the three most abundance phyla, 

representing 94.90% up to 99.05% of RA% in the lean microbiota and 96.35 up to 99.15% of 

RA% in the obese microbiota, generally in the descending order, as follows: 

Firmicutes>Actinobacteria>Bacteroidetes. The changes in the RA% between 0 h and 48 h of 
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assay of both microbiota employed were observed for these phyla. We observed that in the lean 

microbiota, Firmicutes increased in the presence of meals SF1, SF2, and SF3 with a decrease 

in Bacteroidetes and Actinobacteria for SF1. Also, the meal control and SF4 decreased the 

Firmicutes abundance between 0 h and 48 h in the lean microbiota, accompanied by an increase 

in Actinobacteria and, in both meals, a decrease in Bacteroidetes in the presence of SF4 and up 

to 0.85% for the control. In the obese microbiota, Firmicutes phyla decreased in all meals, 

except for the control. Relative abundance of Actinobacteria showed increases in all meals in 

the obese microbiota, accompanied with a decrease or no change in all meals for Bacteroidetes, 

except for the SF4 meal, which presented an increase of 17.95% between 0 h and 48 h of 

fermentation. 

The heatmap of RA% for the bacterial genera present in a proportion of at least 20% 

of TIM-2 both for the lean and the obese microbiota are shown in Figure 5.7. The genera 

Bifidobacterium, Collinsella (Actinobacteria), Bacteroides, Prevotella (Bacteroidetes), Batua, 

and the unclassified genus (g_) of the Ruminococaceae family (Firmicutes) were present in 

both microbiota studied. In general, the Bifidobacterium genus and the non-identified genus 

belonging to the Ruminococaceae family were the most abundant in both microbiota, 

representing up to 90.95% and 64.95%, respectively, in some samples of the lean and the obese 

microbiota. In the obese microbiota, the other two genera, the unclassified genus (g_) of the 

Lachnospiraceae family and the genus Prevotella were abundant, representing together up to 

58.15% in some samples. The genera Bacteroides and Enterococcus were the next genera more 

abundant in the lean microbiota after the microbiota stabilization, but after 48 h of assay, a 

decrease of the RA% of the Bacteroides genus in all meals was observed, with a reduction of 

26.7% for fermented soy beverage SF3. In addition to Bacteroides, the Enterococcus RA% 

decreased between 0h and 48 h of assay, but an increase of 1.0% was only observed in the SF1 

meal. Additionally, the genera Lachnospira, Streptococcus, Eggerthella, [Prevotella], 

Anaerococcus and SMB53, as well as the non-identified members belonging to the Bacteridales 

order and SRA202 class were present in lean microbiota and were not observed in the RA% of 

the obese microbiota, while the genera Methanobrevibacter, Megasphaera, Lachnospira, 

Oscillospira, Turicibacter, [Eubacterium], Klebsiella, and Bilophila, as well as non-identified 

members belonging to the Lactobacillales and Bacteroidales orders, and Rikenellaceae, S24-7, 

and Enterobacteriaceae families were present in the obese RA% and were not shown in the 

lean microbiota. 
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Figure 5.6 Heatmap of relative abundance of the phyla in the lean (green) and obese (blue) microbiota from TIM-2 system, for different meals in sample collection times t=0 h 
(after the microbiota stabilization), t= 24 h and t=48 h. Control (SIEM + dialysate), SF1 (SIEM + fermented soy beverage without the probiotic strains and the acerola by-product); 
SF2 (SIEM + fermented soy beverage with the probiotic strains and without the acerola by-product) SF3 (SIEM + fermented soy beverage with the acerola by-product and without 
the probiotic strains) SF4 (SIEM + fermented beverage soy with the probiotic strains and the acerola by-product). Unassigned phyla were grouped in “Unassigned; Other” 

 



147 
 

Chapter 5 

The relative abundance of the Bifidobacterium genus in each microbiota was 

influenced solely by the different fermented soy beverages. The control meal (SIEM + 

dialysate, see description above) was enough to increase Bifidobacterium RA% to 6.7% and to 

9.8%, respectively, for the lean and the obese microbiota in the control microbiota. However, 

the inoculation of fermented soy beverages had a high impact mainly in the obese microbiota, 

where an increase in the RA% of the Bifidobacterium genus to 46.8%, 27.4%, 43.3%, and 

45.9% was observed, respectively, for SF1, SF2, SF3, and SF4, while for the lean microbiota, 

a decrease in the Bifidobacterium RA% for SF1 and SF2 (without acerola by-product) was 

observed, respectively, of 24.0% and of 4.7%, between 0 h and 48 h of fermentation, but the 

introduction of SF4 increased Bifidobacterium RA% to 60.6%, demonstrating that the 

combination of probiotic strains and acerola by-product could stimulate Bifidobacterium 

mainly in the lean microbiota. A low increase of the Lactobacillus genus was observed in some 

samples of the lean and the obese microbiota, but this corresponded to less than 0.4% of relative 

abundance. Thus, they were not among the most abundant genera included in the classification 

as “other”. 

In general, the lean microbiota diversity was significantly lower (P<0.001) than obese 

microbiota as shown in Figure 5.8. The lean microbiota presented a shannon index of 3.722 ± 

0.936, while the shannon index for the obese microbiota was 4.622 ± 1.032 (Figure 5.8A). 

Besides, the meal treatments influenced significantly (P<0.001) in the diversity of both the lean 

and the obese microbiotas. Meals with acerola by-product alone (SF3) or in combination of 

probiotics (SF4) presented a significantly (P<0.001) decrease in the microbiota diversity. On 

the other hand, meal SF2, which presented only probiotic combination, was shown to have the 

highest general mean of the shannon index (4.776 ± 0.936). In addition, the sampling period of 

trial (t0, t24 and t48), influenced negatively the diversity in both the lean and the obese 

microbiotas, which presented significant (P<0.001) reductions in the diversity in each 

subsequent sampling period, with a higher decrease in the diversity in the obese microbiota 

after t48.  
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Figure 5.7. Heatmap of relative abundance of the genera (≥20% of presence in the samples) in the lean (green) and obese (blue) microbiota from TIM-2 system, for different meals 
in sample collection times t=0 h (after the microbiota stabilization), t=24 h, and t=48 h. Control (SIEM + dialysate), SF1 (SIEM + fermented soy beverage without the probiotic 
strains and the acerola by-product); SF2 (SIEM + fermented soy beverage with the probiotic strains and without the acerola by-product); SF3 (SIEM + fermented soy beverage 
with the acerola by-product and without the probiotic strains); SF4 (SIEM + fermented beverage soy with the probiotic strains and the acerola by-product). The lower genera 
presence <20 % of samples were grouped in "Unassigned, Other, Other, Other, Other, Other" 
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Figure 5.8. Average plots of α-diversity measures (Shanonn index, PD_whole_tree, Chao1, and Observed_OTUs) observed for both the lean and the obese 
microbiotas (A-D), for the different meal treatments (E-H) and sampling time (I-L) obtained from TIM-2 trials. See Table 5.2 and Figure 5.2 for the meal 
treatment and sampling periods, respectively. 
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The unweighted PCoA plot of the microbiota composition shows a clear separation 

between the lean and the obese microbiota (Figure 5.9A), which stays separated, even after the 

various interventions, along the PC1-axis. This indicates that the composition of these two 

microbiotas was clearly different, as could be observed from the relative abundance of genera. 

Figure 5.9C shows that the microbiota changes over time from T0 (top) to T24 (middle) and 

to T48 (bottom). These changes could were related with increased Bifidobacterium RA% in 

SF3 and SF4 for lean microbiota and in all meals for the obese microbiota. Even within each 

microbiota (lean or obese) there are distinct changes observed with each meal (mostly along 

PC2 and PC3) as observed by combining Figure 5.9B and 5.9C. Compared to the unweighted 

PCoA, which only looks at the presence or absence of OTUs, the weighted PCoA (Figures 5.10 

and 5.11) also takes into consideration the amount of the different OTUs. The difference 

between the lean and the obese microbiotas is less clear than for the unweighted PCoA, but still 

visible. Comparison of Figures 5.10A and 5.10C shows that after 48 hours of fermentation, 

obese samples move into the space occupied by the lean microbiota, indicating that it starts to 

look more alike the lean microbiota, as could be observed by the arrows in Figure 5.11B. 

 

3.3. Dynamics of total bacteria, Bifidobacterium spp., Lactobacillus spp., L. acidophilus, 

B. longum, and Streptococcus thermophilus in TIM-2 samples assessed by PMA-qPCR 

In addition to the Next-Generation Sequencing (NGS) by the Illumina Miseq method, 

the propidium monoazide (PMA) treatment combined with the real-time quantitative PCR 

(PMA-qPCR) was employed to evaluate changes in the community of total bacteria and of 

populations of Lactobacillus spp. and Bifidobacterium spp. (Table 5.4), as well as the target 

species L. acidophilus, B. longum, and S. thermophilus (Table 5.5.). The results are presented 

in log CFU equivalent/mL. Generally, the total bacterial community did not show any 

significant differences (P>0.05) between the lean and the obese microbiota studied (Table 5.4).  
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Figure 5.9. Unweighted PCoA. The three principal coordinates from the PCoA analysis of the cosine distances 
that were calculated between the bacterial compositions of samples. Each colour corresponds to a microbiota group 
(A), meal (B), and time in hour (C). The variance explained by the PCs is indicated in parentheses on the axes. 
Control (SIEM + dialysate); SF1 (SIEM + fermented soy beverage without the probiotic strains and the acerola 
by-product); SF2 (SIEM + fermented soy beverage with the probiotic strains and without the acerola by-product); 
SF3 (SIEM + fermented soy beverage with the acerola by-product and without the probiotic strains); SF4 (SIEM 
+ fermented beverage soy with the probiotic strains and the acerola by-product). 
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Figure 5.10. Weighted PCoA. The three principal coordinates from the PCoA analysis of the cosine distances that 
were calculated between the bacterial compositions of samples. Each colour corresponds to a microbiota group 
(A), meal (B) and time in hour (C). The variance explained by the PCs is indicate in parentheses on the axes. 
Control (SIEM + dialysate); SF1 (SIEM + fermented soy beverage without the probiotic strains and the acerola 
by-product); SF2 (SIEM + fermented soy beverage with the probiotic strains and without the acerola by-product); 
SF3 (SIEM + fermented soy beverage with the acerola by-product and without the probiotic strains); SF4 (SIEM 
+ fermented beverage soy with the probiotic strains and the acerola by-product). 
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Figure 5.11. Weighted PCoA observed at another angle that observe the sample distribution along the PC3-axis. 
Each colour corresponds to a microbiota group (A) and meal (B). Red (     ) and blue (     ) arrows point, respectively, 
the samples for 24 h and 48 h that move into the space occupied by the lean microbiota. Control (SIEM + dialysate); 
SF1 (SIEM + fermented soy beverage without the probiotic strains and the acerola by-product); SF2 (SIEM + 
fermented soy beverage with the probiotic strains and without the acerola by-product); SF3 (SIEM + fermented 
soy beverage with the acerola by-product and without the probiotic strains); SF4 (SIEM + fermented beverage soy 
with the probiotic strains and the acerola by-product). 

 

On the other hand, the meal and the time influenced total bacteria community changes 

significantly (P<0.05). No important differences were observed in the total bacteria community 

for different times and meals, even though some significant differences were obtained 

(P<0.05). In contrast to total bacteria, Bifidobacterium spp. and Lactobacillus spp. populations 

were significantly different (P<0.05) for microbiota, meal, and time (Table 5.4). In general, 

Bifidobacterium spp. populations were higher in the lean microbiota and Lactobacillus spp. 

populations were higher in the obese microbiota. A significant (P<0.05) decrease in 

Bifidobacterium spp. populations between 0 h and 48 h of the intervention were observed in all 

experimental meals, except for meal SF4, in which populations increased during the whole 

experimental period in the lean microbiota. The highest decrease in Bifidobacterium spp. 

populations was observed for the control meal for the lean microbiota, which presented a 

reduction of 1.1 log cycle in CFU equivalent/mL between 0 h and 48 h. The combination of the 

probiotic strains (B. longum BB-46 and L. acidophilus LA-5) and the acerola by-product in 

meals SF4 could explain the stability and increase in the Bifidobacterium spp. populations. 

However, this was not observed for meals SF2 and SF3, which presented, respectively, only 

the probiotics strains and the acerola by-product. We observed that SF2 presented a significant 

(P<0.05) increase in Bifidobacterium spp. populations after 24 h, but after 48 h these 
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populations were lower than those observed for 0 h. The meal SF3 showed a stabe communoty 

of the Bifidobacterium spp. populations during the first 24 h, but after 48 h, as occurred in the 

case of SF2, these populations decreased significantly (P<0.05). Corroborating with what was 

observed for the lean microbiota, also in the obese microbiota the meal SF4 stimulated a 

significant (P<0.05) increase of approximately 1.5 log cycle of CFU equivalent/mL in 

Bifidobacterium spp. populations between 0 h and 48 h of fermentation. Additionally, the 

control and the SF1 meals showed significantly (P<0.05) increased levels of Bifidobacterium 

spp. populations, but these increases were below 0.3 and 0.8 log cycle of CFU equivalent/mL, 

respectively, for the control and SF1. The meals SF2 and SF3 were not significantly different 

(P>0.05) at 0 h and at 48 h for Bifidobacterium spp. populations for the obese microbiota.  

For the lean microbiota, a significant decrease in the Lactobacillus spp. populations 

was observed for all experimental meals, except for SF4. As observed for Bifidobacterium spp. 

populations, the combination of probiotic strains and acerola by-product in SF4 stimulated the 

Lactobacillus spp. populations in the lean microbiota significantly (P<0.05). In the first 24 h, 

the highest Lactobacillus populations were observed in the presence of SF4, and after 48 h this 

increase was approximately 1 log cycle of CFU equivalent/mL, when compared to the 

population observed at 0 h. Additionally, in the obese microbiota, the meal SF4 increased the 

Lactobacillus spp. populations from the first 24 h, which were thereafter stable until 48 h. The 

other meals evaluated did not influence the Lactobacillus spp. populations between 0 h and 48 

h of fermentation significantly (P>0.05). 

High counts of Bifidobacterium longum were observed in both lean and obese 

microbiotas, with a mean ratio between the B. longum/Bifidobacterium spp. of up to 64% in 

SF1 at 24 h for the lean microbiota and up to 99% in SF3 at 48 h for the obese microbiota (data 

not shown). Additionally, the B. longum populations were significantly lower for the obese 

microbiota than for the lean microbiota (P<0.001). In general, the meal treatments also 

influenced the B. longum populations significantly (P<0.001). For the fermented soy beverage 

SF2, which present only the probiotic combination, lower B. longum populations were obtained 

than control meal, but when in combination with the acerola by-product (in SF4) these 

populations were significantly higher (P<0.05). Besides, in the lean microbiota, the B. longum 

populations decreased significantly (P<0.05) between t0 and t48 of the TIM-2 trial, for all the 

meal treatments, except for SF4 (probiotic combination + acerola by-product, see Table 5.2) 

after 48 h of intervention, which presented a 1 log cycle increase in the B. longum populations. 

 



155 
 

Chapter 5 

Table 5.4.Total bacteria, Bifidobacterium spp., and Lactobacillus spp. community obtained by PMA-qPCR in samples from TIM-2.  

Meal* 

Lean Microbiota  

Total Bacteria Bifidobacterium spp. Lactobacillus spp. 

0 h 24 h 48 h 0 h 24 h 48 h 0 h 24 h 48 h 

Control 10.52 (0.17)Baα 10.42 (0.22)Caα 9.70 (0.16)Cbβ 9.45 (0.20)Baα 9.70 (0.41)BCaα 8.35 (0.57)Dbα 7.80 (055)Aaβ 7.41 (0.85)Caβ 6.49 (0.32)Dbβ 

SF1 10.42 (0.01)CBaβ 10.53 (0.09)BCaα 10.23 (0.21)Bbβ 9.72 (0.08)ABaα 9.80 (0.06)ABCaα 9.34 (0.45)Bbα 8.03 (0.16)Aabβ 8.47 (0.10)Baβ 7.78 (0.72)Bbβ 

SF2 10.26 (0.17)Cbα 10.73 (0.02)ABaα 10.11 (0.23)Bbβ 9.52 (0.13)ABbα 10.03 (0.07)ABaα 8.93 (0.31)Ccα 8.11 (0.23)Aaβ 8.40 (0.04)Baα 7.22 (0.15)Cbβ 

SF3 10.42 (0.10)CBaα 10.57 (0.11)BCaα 10.05 (0.01)Bbβ 9.83 (0.03)Aaα 10.13 (0.14)Aaα 9.30 (0.16)Bbα 8.08 (0.28)Aaα 8.24 (0.30)Baα 7.14 (0.43)Cbβ 

SF4 10.80 (0.09)Aaα 10.80 (0.17)Aaα 10.47 (0.17)Abα 9.07 (0.24)Ccα 9.55 (0.75)Cbα 10.00 (0.31)Aaα 8.07 (0.86)Acα 9.55 (0.75)Aaα 8.94 (0.87)Abα 

Meal* 

Obese microbiota 

Total Bacteria Bifidobacterium spp. Lactobacillus spp. 

0 h 24 h 48 h 0 h 24 h 48 h 0 h 24 h 48 h 

Control 10.50 (0.05)Baα 10.46 (0.15)Baα 10.22 (0.19)Cbα 7.98 (0.09)Cbβ 8.37 (0.17)Daβ 8.31 (0.16)Daα 8.97 (0.23)Aaα 9.06 (0.06)Aaα 9.02 (0.02)Aaα 

SF1 11.00 (0.33)Aaα 10.67 (0.04)Abα 10.49 (0.12)BCcα 8.56 (0.32)Bbβ 8.81 (0.05)Cbβ 9.36 (0.11)Baα 8.86 (0.31)ABbα 9.28 (0.14)Aaα 8.87 (0.26)Abα 

SF2 10.13 (0.22)Cbα 10.30 (0.24)Bbβ 10.59 (0.17)Baα 9.20 (0.38)Aaα 8.36 (0.50)Dbβ 9.13 (0.41)Baα 8.68 (0.41)ABaα 8.37 (0.08)Baα 8.69 (0.33)ABaα 

SF3 10.04 (0.20)Ccβ 10.45 (0.20)Bbα 10.99 (0.18)Aaα 8.54 (0.05)Bbβ 9.71 (0.08)Aaβ 8.71 (0.17)Cbβ 8.48 (0.04)Baα 8.35 (0.29)Baα 8.39 (0.23)Baα 

SF4 10.60 (0.11)Baβ 10.37 (0.18)Bbβ 10.33 (0.11)Cbα 8.37 (0.20)Bcβ 9.21 (0.36)Bbα 9.83 (0.20)Aaα 7.86 (0.15)Cbα 9.03 (0.06)Aaβ 8.88 (0.11)Aaα 
A-D Different capital letters in a column for each group of microorganisms indicate significant differences (P<0.05) between the different meals for a same microbiota and at the same time.  
a-c Different lowercase letters in a row for each group of microorganisms indicate significant differences (P<0.05) between different times for the microbiota with the same meal.  
α,β Distinct Greek letters in a column for each group of microorganisms indicate significant differences (P<0.05) between different microbiota for the same meal and the same time.  
*Control = SIEM + dialysate; SF1 = SIEM + fermented soy beverage without the probiotic strains or the acerola by-product; SF2 = SIEM + fermented soy beverage with the probiotic strains 
but without the acerola by-product; SF3 = SIEM + fermented soy beverage with the acerola by-product but without the probiotic strains; SF4 = SIEM + fermented beverage soy with the 
probiotic strains and the acerola by-product. Mean of two TIM-2 runs (log CFU equivalents/mL) as calculated from Ct values. 
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Table 5.5. Bifidobacterium longum, Lactobacillus acidophilus and Streptococcus thermophilus populations obtained by PMA-qPCR in samples 
from TIM-2. 

Meal* 

Lean Microbiota 

Bifidobacterium longum Lactobacillus acidophilus Streptococcus thermophilus. 

0 h 24 h 48 h 0 h 24 h 48 h 0 h 24 h 48 h 

Control 9.45 (0.19)Aaα 9.73 (0.27)Aaα 8.66 (0.40)Bbα 2.51 (0.39)Aα ND ND 6.71 (0.26)Baα 4.85 (0.32)Cbα 4.80 (0.13)Bbα 

SF1 9.37 (0.33)Aaα 9.57 (0.15)ABaα 8.61 (0.74)Bbα 2.54 (0.14)Aaα 2.65 (0.36)Baβ 2.66 (0.40)Aaβ 6.90 (0.26)ABaα 5.40 (0.70)Bbα 5.40 (0.79)Abβ 

SF2 9.00 (0.29)BCbα 9.47 (0.04)ABaα 8.42 (0.03)Bcα 2.94 (0.31)Abα 3.86 (0.55)Aaα 2.99 (0.54)Abα 7.28 (0.30)Aaα 5.74 (0.28)ABbα 5.21 (0.20)Acα 

SF3 9.23 (0.06)ABaα 9.33 (0.21)Baα 8.76 (0.09)Bbα 3.38 (0.24)Aaα 2.80 (0.31)Baα 2.55 (0.36)Aaβ 7.08 (0.06)ABaα 6.14 (0.31)Abα 5.22 (0.07)Acα 

SF4 8.76 (0.16)Cbα 9.55 (0.75)ABaα 9.79 (0.12)Aaα 3.06 (0.71)Aα ND ND 6.02 (0.36)Caα 5.76 (0.22)ABabα 5.43 (0.77)Abα 

Meal* 

Obese microbiota 

Bifidobacterium longum Lactobacillus acidophilus Streptococcus thermophilus. 

0 h 24 h 48 h 0 h 24 h 48 h 0 h 24 h 48 h 

Control 7.54 (0.07)Baβ 7.67 (0.28)Caβ 7.54 (0.40)Caβ 2.44 (0.35)Caα 2.47 (0.25)Ca 2.45 (0.38)Ca 5.22 (0.29)Baβ 5.05 (0.45)Baα 4.53 (0.10)Cbα 

SF1 8.05 (0.36)Abβ 8.08 (0.11)Bbβ 8.66 (0.09)Aaα 2.83 (0.38)BCbα 3.97 (0.23)Baα 4.44 (0.36)Baα 6.26 (1.02)Aaβ 5.61 (0.06)Abα 6.15 (0.12)Aaα 

SF2 8.18 (0.44)Aaβ 7.72 (0.08)Cbβ 8.28 (0.05)Baα 3.41 (0.27)ABaα 3.71 (0.37)Baα 2.95 (0.33)Caα 4,74 (0.12)Cbβ 4.81 (0.28)Bbβ 5.46 (0.28)Baα 

SF3 7.81 (0.10)Bbβ 8.45 (0.05)Aaβ 8.59 (0.47)ABaα 3.39 (0.40)ABbα 3.57 (0.33)Babα 4.27 (0.36)Baα 5.51 (0.09)Baβ 5.10 (0.34)Baβ 5.28 (0.08)Baα 

SF4 7.81 (0.12)Bcβ 8.31 (0.27)ABbβ 8.69 (0.06)Aaβ 3.82 (0.35)Abα 5.76 (0.38)Aa 5.50 (0.28)Aa 6.43 (0.52)Aaα 5.53 (0.09)ABbα 5.58 (0.51)Bbα 
A-D Different capital letters in a column for each species indicate significant differences (P<0.05) between the different meals for a same microbiota and at the same time.  
a-c Different lowercase letters in a row for each species of microorganisms indicate significant differences (P<0.05) between different times for the microbiota with the same meal.  
α,β Distinct Greek letters in a column for each species of microorganisms indicate significant differences (P<0.05) between different microbiota for the same meal and the same time.  
ND = not determined, values bellow the detection limit (<1.7 log CFU equivalent/mL for L. acidophilus) 
*Control = SIEM + dialysate; SF1 = SIEM + fermented soy beverage without the probiotic strains or the acerola by-product; SF2 = SIEM + fermented soy beverage with the probiotic strains 
but without the acerola by-product; SF3 = SIEM + fermented soy beverage with the acerola by-product but without the probiotic strains; SF4 = SIEM + fermented beverage soy with the 
probiotic strains and the acerola by-product. Mean of two TIM-2 runs (log CFU equivalents/mL) as calculated from Ct values. 
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In contrast, for the obese microbiota, an increment in the B. longum populations were 

observed in the presence of fermented soy beverage meals SF1, SF3 and SF4. The highest B. 

longum populations were observed in SF4 treatments in both the lean and the obese microbiota, 

although the meals SF1 and SF3 were not significantly different from SF4 for the obese 

microbiota. The opposite was observed for the Lactobacillus acidophilus populations, which 

were lower in both lean and obese microbiota, presenting mean L. acidophilus/Lactobacillus 

spp. ratios below 0.2% (data not shown) for both the lean and the obese microbiota in all meal 

treatments. As observed for the B. longum populations, those of L. acidophilus were 

significantly different (P<0.05) when the lean and the obese microbiota were compared. In 

general, L. acidophilus populations were significantly higher (P<0.05) in the obese microbiota, 

as was observed for the genus Lactobacillus. Additionally, L. acidophilus was not detected 

(<1.7 log CFU equivalent/ml, see Table 5.5) after 24 h of intervention for the lean microbiota 

in the control and SF4 meals, and no significant differences (P<0.05) were observed in L. 

acidophilus populations for the other meals between t0 and t48 of trial for the lean microbiota. 

For the obese microbiota, a significant increase (P<0.05) of 1.7 log CFU equivalent/mL in the 

L. acidophilus population was observed between t0 and t48 for SF4. This, was also observed 

for SF1 (1.6 log CFU equivalent/mL) and SF3 (0.9 log CFU equivalent/mL) for the same 

microbiota. Generally, significant decreases (P<0.05) or no significant changes (P>0.05) were 

observed for the Streptococcus thermophilus populations between t0 and t48, in both lean and 

obese microbiota in all meal treatments. A significant decrease (P<0.05) in the S. thermophilus 

population around 2 log CFU equivalent/mL was observed for the lean microbiota, independent 

of the meal provided. For the obese microbiota, SF2 was the only meal to present a significant 

increase in the S. thermophilus population, whereas SF4 and the control meal presented a 

significant decrease, as also observed for the lean microbiota. Besides, no significant 

differences (P<0.05) between t0 and t48 were observed for the S. thermophilus counts in the 

TIM-2 interventions with SF1 and SF3, for the obese microbiota. 

 

4. DISCUSSION 

4.1. Metabolite production and energy extraction 

The fermentation of dietary fibres and protein by the gut microbiota leads to the 

production of several metabolites. Among these metabolites, the SCFA are the main products 

to play important roles both on the colonic and the systemic levels. Studies have pointed out 

that SCFA may promote obesity by increasing the energy absorbed from the colon. However, 

individually they are neither purely obesogenic nor antiobesogenic, but they are certainly 
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involved in obesity in some way. SCFA (mainly butyrate) are used by the intestinal cells as 

energy sources, even when other substrates like glucose and glutamine are present and may 

affect several physiological processes, while the brain, muscles, and other tissues metabolize 

acetate, while propionate is metabolized in the liver, interfering in the hepatic cholesterol 

synthesis [3,41-44]. In addition, recently Fellows et al. [45] demonstrated that these metabolites 

from the gut microbiota play an important role in the gene expression of epithelial cells. Acetate 

and lactate production (Figures 5.3A and 5.3D, respectively) by the lean microbiota for all 

fermented soy beverage meals was much higher than what was produced by the obese 

microbiota and/or for the control meal in both microbiota. Therefore, the total SCFA and energy 

extraction (Figure 5.4.) were significantly higher (P<0.05) for the lean microbiota. These 

results diverge from those previously reported by Souza et al. [46]. The authors evaluated the 

effect of cassava bagasse and inulin in lean and obese microbiota, using the same in vitro model. 

The researchers showed that the obese microbiota presented a higher production of acetate and 

lactate than the lean microbiota for all compounds tested, and consequently a higher energy 

production by the obese microbiota, although this difference reported was only significant for 

the inulin treatment. Similarly, Aguirre et al. [47] evaluated the effect of galacto-

oligosaccharides (GOS), lactulose, apple fibre, and sugar beet pectin in the same in vitro model. 

They only observed a higher production energy in the form of SCFA by the obese microbiota 

for lactulose. For GOS the amount of energy was equal for the lean and obese microbiota, while 

for the two pectins it was lower than fo the lean microbiota. In addition, Aguirre et al. [48] 

demonstrated that the production of SCFA was significantly higher for the obese microbiota 

from different volunteers, in comparison with the lean microbiota, after 72 h of daily inoculation 

with inulin and arabinogalactan in the TIM-2 intestinal in vitro model. On the other hand, 

significantly higher concentrations of acetate were reported by Fukuda et al. [49] in faecal 

material of mice that received treatment with Bifidobacterium strains. Therefore, the higher 

contents of acetate and lactate in fermented soy beverage meals observed here for the lean 

microbiota may be related with the high population of Bifidobacterium spp. in this microbiota, 

which were 1 log cycle higher than in the obese microbiota for some meals. High contents of 

lactate normally do not accumulate in the colon of healthy adult humans, since these compounds 

may serve as substrates for other bacteria in the production as propionate and butyrate [44], 

unless fermentation is fast. Some strains belonging to the Roseburia genus and certain 

Ruminococcaceae, like Faecalibacterium prausnitzii, as well as Lachnospiraceae present in 

many samples of the obese microbiota (See Figure 5.7), are able to use acetate and lactate to 

produce butyrate [50]. Therefore, the lower concentration of lactate and acetate in the obese 
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microbiota may be related to their consumption by other members of the gut microbiota due to 

cross-feeding of partial breakdown substances from the complex compounds of the feeding 

[51].  

Souza et al. [46] and Aguirre et al. [48] demonstrated a similar concentration of the 

branched-chain fatty acids (i-butyrate and i-valerate) as in the present study. Additionally, 

Souza et al. [46] showed that the obese microbiota produced more BCFA than the lean 

microbiota, though cassava fermentation by the lean microbiota presented a higher production 

of BCFA comparing with standard and inulin, while in the present study no significant 

difference between the fermented soy beverages meals and control was observed. On the other 

hand, Aguirre et al. [48] shown a higher production of BCFA in both, lean and obese microbiota 

from arabinogalactan. Besides, the BCFA were significantly correlated with unclassified 

members of the genera Faecalibaterium, Bacteroidetes, and Enbacterium, as well as F. 

prausnitzii. 

 

4.2. Microbiota composition changes 

In the last decade, many studies reported the beneficial effects of employing probiotic 

strains, prebiotic fibres, and the combination of both (synbiotics) in several human diseases, 

including obesity [48,52,53]. The effect of probiotic strains (Bifidobacterium longum BB-46 

and Lactobacillus acidophilus LA-5) and acerola by-products isolated and combined in a food 

matrix of fermented soy beverage on the composition of lean and obese microbiota, using the 

sophisticated, dynamic, and validated in vitro TIM-2 model, were evaluated in the current 

study. It has been suggested that the intestinal microbiota is an environmental factor that plays 

a crucial role in obesity that was traditionally associated with unbalanced energy consumption 

and expenditure. Obesity, in terms of microbiota, is a complicated unbalance which presents 

many unclear complications [54]. Diverging from several studies [55-58], in the current 

experiments the diversity of the obese microbiota was significantly higher (P<0.05) than that 

of the lean microbiota. In a populational study conducted by Le Chatelier et al. [57], the gut 

microbiota composition and diversity of 123 non-obese and 169 obese Danish individuals were 

evaluated. The researchers noted that overall adiposity, insulin resistance, and dyslipidaemia 

were more characterized in individuals presenting a low bacterial richness than in those with a 

high bacterial richness. Similarly, Cotillard et al. [59] demonstrated that more pronounced 

dysmetabolism and low-grade inflammation were observed for the individuals with low 

microbial richness. In addition, the diversity of both microbiotas tested reduced significantly 

(P<0.05) during the TIM-2 interventions. The method of faecal sample standardization used in 
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the present study is considered as an excellent method for the microbiota preservation and the 

repeatability of trials in the intestinal in vitro model TIM-2, according to Aguirre et al. [25,47]. 

Also according to the authors, it is similar to fresh faeces, even though the Bacteroidetes 

diversity decreased in all standardization methods we have tested during the intervention in the 

TIM-2 system.  

The human gut microbiota is dominated by the Bacteroidetes and Firmicutes phyla, 

but Actinobacteria, Verrucomicrobia, and Proteobacteria are also found in many people, 

although in lower proportions [60]. Bengmark [60] reported in a review that Firmicutes and 

Bacteroidetes are the two most dominant phyla in the human gut microbiota, with Firmicutes 

and Bacteroidetes representing, respectively, 60-80% and 23% of the bacterial composition. 

However, in the present study with a Dutch-based microbiota, Firmicutes and Actinobacteria 

were observed to be the most dominant phyla, representing an overall average of relative 

abundance of 52.57% and of 31.44%, respectively, for Firmicutes and Actinobacteria, while 

the Bacteroidetes represented 13.89% of the bacterial composition. Similarly, Zhernakova et 

al. [61] reported a higher abundance of Actinobacteria than of Bacteroidetes in a study of the 

gut microbiome composition and diversity of 1,135 participants from a Dutch-based population. 

Some studies have suggested that the ratio between Firmicutes and Bacteroidetes are related 

with obesity in mice [62,63]. However, Fernandes et al. [64] reported, in a study associating 

adiposity, gut microbiota, and faecal short chain fatty acids, that the ratio of Firmicutes to 

Bacteroidetes was not significantly different between lean and overweight/obese groups. 

Several possible reasons could be attributed to the contradictory studies, including differences 

among the subjects studied and the experimental design of the study, with the last one having a 

high impact on pbserved differences in data. Additionally, the techniques used to study the 

composition of the microbiota could have contributed to divergent observations. In fact, it has 

been suggested by the Microbiome Quality Control project described by Sinha et al. [65] that 

microbial composition estimates could not be compared between studies if sample manipulation 

and data analysis were not the same [61,66-68]. 

At the genus level, species within the genera Bacteroides, Clostridium, Veillonella, 

Ruminococcus, Eubacterium, Bifidobacterium, Lactobacillus, Fusobacterium, Peptococcus, 

and Peptostreptococcus were considered as dominating the human gut microbiota [66]. Bianchi 

et al. [69] reported that fermented vegetable-based beverages supplemented with Lactobacillus 

casei Lc-01 and fructo-oligosaccharides (FOS), in an in vitro study of the gut microbiota, 

increased the beneficial bacteria (Bifidobacterium spp. and Lactobacillus spp.) populations and 

reduced detrimental genera, such as Bacteroides and Clostridium spp. Similar result to those 
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observed for the present work were reported by the scientific community for studies with 

prebiotics with proven effects on health and well-being. For example, Canfora et al. [70] 

evaluated the supplementation of the diet with galacto-oligosaccharides (GOS) in obese pre-

diabetic individuals and observed that GOS supplementation increased the abundance of 

Bifidobacterium spp. in faecal samples. Aguirre et al. [48] reported an increase of the genera 

Bifidobacterium, Faecalibacterium, Fusicatenibacter, and Blautia after the in vitro 

fermentation of inulin by obese microbiota and a decrease in Lactobacillus in the lean 

microbiota experiments after in vitro fermentation of arabinogalactan. Salazar et al. [71] 

concluded that the consumption of inulin-type fructans selectively modulated Bifidobacterium 

spp. and decreased faecal SCFA concentrations in obese women. Some studies have shown that 

plant fibres present potential for modulation of the intestinal microbiota, similarly to what was 

observed in the present study. Gullón et al. [72] evaluated the prebiotic effect of the 

pseudocereals quinoa and amaranth in the human intestinal ecosystem in vitro and reported an 

increase of the bacterial groups Bifidobacterium spp. and Lactobacillus-Enterococcus in both 

vegetable substrates. Souza et al. [46] studied the effect of cassava bagasse on lean and obese 

microbiota modulation in vitro and reported that cassava showed a great increase of 

Bifidobacterium abundance for the lean and the obese microbiota. While in lean microbiota this 

increase was higher to that observed for the classic prebiotic inulin, for obese microbiota this 

increase was lower than for inulin. 

In contrast with the results described here, Martinez et al. [73] in vitro did not observe 

any significant changes in total bacteria counts throughout the entire intervention with the 

potential probiotic strain Lactobacillus amylovorus DSM 16698 alone or in combination with 

GOS and Bifidobacterium animalis BB-12 using a microbial community of human and of pig 

origin. Sivieri et al. [74] employed a Simulator of the Human Intestinal Microbial Ecosystem 

(SHIME®) to evaluate in vitro the effect of FOS on the fermentation pattern of the colon 

microbiota and reported that the administration of FOS to the SHIME® system induced a 

significant increase in bifidobacteria, lactobacilli, and facultative anaerobes counts in all 

“colon” compartments. Besides, an increase of Bifidobacterium populations in the faecal matter 

was reported by Ishizuka et al. [75] during B. animalis subsp. lactis GCL2505 in a randomized 

clinical study. However, contrasting with the present study regarding the B. longum 

populations, the authors did not observe changes in the B. lactis populations. Savard et al. [76] 

reported an increase in faecal Lactobacillus counts of healthy adults which consumed probiotic 

yoghurt containing B. animalis BB-12 and L. acidophilus LA-5. As observed for the fermented 

soy beverage meals in the obese microbiota in the present study, the researchers reported an 
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increase in the LA-5 populations in the faecal matter after 4 weeks of consumption of the 

probiotic yoghurt. In addition, Brigidi et al. [77] noted that higher counts of Streptococcus 

thermophilus in probiotic yoghurt than in traditional yoghurt explained the recovery of S. 

thermophilus in the faecal matter. In a later study Mater et al., [78], demonstrated that higher 

populations of yoghurt cultures (Streptococcus thermophilus and L. delbrueckii subsp. 

bulgaricus) were recovered from faecal samples of healthy subjects during 12 days of fresh 

yogurt intake. Saxelin et al. [79] evaluated the effect of yoghurt and cheese food matrixes and 

capsules on the persistence of probiotic strains in the gastrointestinal tract. The authors 

concluded that the matrix did not influence the recovery of lactobacilli in faecal samples, but 

the consumption of cheese resulted in the lowest faecal counts of propionibacteria and 

bifidobacteria, when compared to the consumption of capsules and yoghurt. 

 

5. CONCLUSION 

Overweight, obesity, and diseases caused by these conditions such as type II diabetes 

and coronary heart diseases may be prevented. Community work and stimulating environmental 

conditions should stimulate healthier habits, including the consumption of healthier foods and 

a frequent physical activity practice. These habits would certainly lead to the prevention of 

overweight and obesity [1]. Nevertheless, these simple changes in people’s lifestyle are not 

always easy to be maintained and patients frequently do not follow their healthcare professional 

advice. Therefore, it is important to identify successful long term methods for losing weight 

[48]. Also the gut microbiota has been shown to play a role in overweight/obesity. In the present 

study, we have identified that different fermented soy beverages, resulted in different effects on 

lean and obese microbiotas, amongst which a higher production of acetate and lactate for the 

lean microbiota than for the obese microbiota, which resulted in a higher energy extraction in 

the lean microbiota, an increase of the relative abundance of the beneficial bacterial genus 

Bifidobacterium in the obese microbiota was observed for all experimental meals, while in the 

lean microbiota, only the experimental meal supplemented with acerola by-product (SF3) was 

observed to increase Bifidobacterium relative abundance. An increased population of 

Lactobacillus spp. was observed in both microbiotas for fermented soy beverage SF4, which 

presented the combination of the probiotic strains (L. acidophilus LA-5 and B. longum BB-46) 

with the acerola by-product, as well as a maintenance and increase of the L. acidophilus 

population in the obese microbiota. Therefore, a higher diversity observed for the obese 

microbiota and, after 48 h of intervention, a move of the obese microbiota profile into the lean 

microbiota profile space was observed through the weighted PCoA, which indicated a 
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modulation of the obese microbiota by the inoculation of fermented soy beverages, perhaps 

towards a more healthier composition. The results obtained here confirmed previously 

conclusions reported by Vieira et al. [19], that acerola by-product could be employed as a 

promising candidate for novel sources of prebiotic ingredients, since fermented soy beverage 

supplemented with acerola by-product presented the best characteristics regarding modulation 

of the obese microbiota, with an increase in beneficial bacteria from the Bifidobacterium and 

Lactobacillus genera, as well as after 48 hours of intervention the obese microbiota was 

apparently more similar to the lean microbiota. 
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