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Abstract 

 A healthy gut microbiome is critical for digestion and immunity. Probiotics help balance 

the gut microflora and compete against pathogens for binding sites. Probiotics are live 

microorganisms that provide health benefits upon ingestion. Prebiotics are non-digestible 

oligosaccharides that selectively stimulate the survival and growth of probiotics in the colon. 

Many foods, such as breadfruit, contain fibers that have the potential to be prebiotics. The overall 

objective of this thesis was to increase the growth, biofilm formation, and gastrointestinal 

survival of probiotics with inulin, fructooligosaccharide (FOS), and breadfruit fiber. Water 

soluble breadfruit fiber was extracted from breadfruit and used as a prebiotic in this study. The 

acid tolerance at pH 2, tolerance to 0.3% bile salt, prebiotic activity score (PAS), and survival 

under simulated digestion were determined on Lactobacillus rhamnosus, Lactobacillus 

acidophilus, and Saccharomyces boulardii supplemented with the three prebiotics. The effects of 

prebiotics on biofilm formation of the probiotics and pathogenic Escherichia coli O157:H7 were 

also tested. S. boulardii showed a significantly higher survival under acidic conditions than L. 

rhamnosus and L. acidophilus, and the optimum concentration of breadfruit fiber for the survival 

of L. rhamnosus was 2.5% and 3.0%. The addition of breadfruit fiber showed a similar effect to 

glucose on the acid survival of L. acidophilus. Three tested probiotics showed high tolerance to 

bile salt. Moreover, 1.0% of inulin, FOS, and breadfruit fiber was the optimum concentration for 

biofilm development of S. boulardii. The addition of breadfruit fiber was as effective as glucose 

in helping L. rhamnosus form biofilm. With S. boulardii, inulin and FOS exhibited a higher PAS 

than breadfruit fiber. The PAS of breadfruit fiber was approximately 0.4 for S. boulardii and L. 

rhamnosus and 0.2 for L. acidophilus. After 24 h of simulated digestion, the addition of 

breadfruit fiber increased the survival of S. boulardii, L. rhamnosus and L. acidophilus by 0.37, 
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5.45, and 5.59 log CFU/mL, respectively, compared to the negative control. These findings 

reveal the potential of S. boulardii to be marketed with prebiotics for individuals with 

gastrointestinal disorders. Moreover, breadfruit fiber is a possible prebiotic alternative to inulin 

and FOS in Hawai’i due to its sustainability and effectiveness with probiotics. 
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Chapter 1. Introduction 

 The human microbiome consists of various bacteria, fungi, and viruses and harbors over 

1000 species of bacteria that reside primarily in the colon.  The gut microbiota is critical for 

digestion and nutrition, as it can metabolize non-digestible food ingredients, like fiber, to 

produce nutrients (Shreiner et al., 2015).  For example, humans do not have the enzyme to digest 

xyloglucans that are found in vegetables. One of the few bacteria that can digest xyloglucans are 

species belonging to Bacteroides (Larsbrink et al., 2014). The gut microbiota produce numerous 

vitamins, hormones, and neurological signaling molecules that are essential for immune system. 

On the other side, a dysfunctional gut microbiome may influence the occurrence of irritable 

bowel syndromes, such as Crohn’s disease and ulcerative colitis. Individuals with these diseases 

exhibit lower enteric bacterial diversity and higher levels of Enterobacteriaceae (Durack & 

Lynch, 2019). Therefore, it is vital to establish a healthy gut microbiome. Attaining a healthy gut 

microbiome involves ingesting healthy fats, such as monounsaturated and polyunsaturated fatty 

acids, proteins, vitamins, minerals, prebiotics, and probiotics (Rinninella et al., 2019). 

As defined by the United Nations Food and Agriculture Organization (FAO) and the 

World Health Organization (WHO), probiotics are live microorganisms that provide health 

benefits to the host upon ingestion of sufficient concentrations (Shreiner et al., 2015). It is 

recommended to ingest 108–109 probiotic cells per day for significant health benefits (Shi et al., 

2016). Lactobacillus and Bifidobacterium are the most common probiotic genera. Probiotics 

replace loss of essential bacteria in the colon to maintain a healthy gut microflora; some of these 

probiotic effects are treating diarrhea and gastrointestinal (GI) infections by producing 

antimicrobials against pathogens. Probiotics exhibit a variety of health implications, such as 

improving digestion, preventing and/or treating intestinal disorders, and improving skin health 
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(Kechagia et al., 2013).  

The biggest hindrance to the survival of probiotics in the GI tract is the high acidity of the 

stomach (Bezkorovainy, 2001).  Moreover, bile tolerance is a critical property for probiotics 

because of conjugated bile acids in the small intestine (Ruiz et al., 2013). Bile salts deteriorate 

cell membrane integrity by dissolving lipids and causing leakage of intercellular materials 

(Begley et al., 2005). Probiotics, such as lactobacilli and bifidobacteria, have evolved defense 

mechanisms to survive actions caused by detrimental bile salts. For example, probiotics may 

produce bile salt hydrolase (BSH), an enzyme that deconjugates bile acids, such as 

glycodeoxycholic acid (GDCA) and taurodeoxycholic acid (TDCA) (Foley et al., 2019).  

Saccharomyces boulardii is the first yeast that has been studied as a probiotic. It can treat 

many forms of GI disorders (Dorota Czerucka & Rampal, 2019). S. boulardii is expensive 

because there are limited types of probiotic yeast sold in the industry. It also differs from other 

bacteria probiotics in cell size, cell wall composition, and metabolic properties (D. Czerucka et 

al., 2007). Some mechanisms of action that S. boulardii utilizes as a probiotic are: anti-toxin 

activity, inflammatory response via interleukin-8, and increased production of the antibody, IgA, 

in the intestinal fluid (Dorota Czerucka & Rampal, 2019). There are limited studies on the effect 

of prebiotics on probiotic yeast because probiotic yeast is a new concept invented in the early 

1900s.  

Prebiotics are non-digestible oligosaccharides that selectively stimulate the growth and 

survival of probiotics in the colon. Many potential prebiotics are present in foods high in dietary 

fiber, such as onions, artichokes, leeks, and chicory root. Prebiotics are fermented by probiotics, 

but they are poorly fermented by pathogens (Davani-Davari et al., 2019). However, not all non-

digestible oligosaccharides have prebiotic properties, as they must not significantly stimulate the 
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growth and/or metabolic processes of pathogens (Macfarlane & Cummings, 1999). Some 

examples of establish prebiotics are: inulin, fructooligosaccharides (FOS), and galacto-

oligosaccharides. The main effects of prebiotics are indirect, such as providing carbohydrates for 

selective fermentation by intestinal microbiota, activating immune pathways, and influencing 

brain function (Parnell & Reimer, 2012; Wasilewski et al., 2015).  

Breadfruit (Artocarpus altilis) is a tropical fruit from the Pacific Islands and cultivated in 

over 90 countries. It has a dense nutritional profile, rich in carbohydrates, fiber, vitamins, 

minerals and flavonoids, and it contain all of the essential amino acids (Nochera & Ragone, 

2019). Breadfruit has great potential to address food insecurity due to its sustainability, 

nutritional profile, and crop yield, as an average-sized tree can produce approximately 100 to 600 

fruits (each fruit is 1 kg to 4 kg) per year (Y. Liu et al., 2014; Nochera & Ragone, 2019).  

Resistant starch is the portion of starch that cannot be digested by amylases, therefore, 

passes through the small intestine and gets fermented by the gut microbiome. Resistant starch is 

often fermented by bacteria into short chain fatty acids (Birt et al., 2013).  Breadfruit has been 

found to have a high amylose content, which is correlated with its higher resistant starch content 

(Ho & Wong, 2020). Some varieties of breadfruit powder has been found to have high resistant 

starch content of 50% of the total weight (Daley et al., 2019). Haydersah et al. (2012) observed 

that lactic acid bacteria were able to ferment breadfruit starch and increase the resistant starch 

content. The starches in breadfruit powder have higher content of resistant starch 3 than 

breadfruit due to the retrograded amylose and starch from heating and drying. Moreover, 

breadfruit starch has high potential to be a prebiotic and functional food. 

The objectives of this study were to determine the effects of prebiotic inulin, FOS, and 

breadfruit fiber on: 1) the acid and bile resistance of probiotic bacteria and yeast, 2) the biofilm 
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formation of probiotic bacteria and yeast and pathogenic Escherichia coli O157:H7, 3) the 

growth of probiotic bacteria and yeast and pathogenic E. coli O157:H7, and 4) the survival of 

probiotic bacteria and yeast during simulated digestion. 
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Chapter 2. Literature Review 
 
 

2.1 Digestive gut health 

Gut health has been well recognized in the medical field, food industry, and scientific 

literature. According to the World Health Organization, a healthy gut is a gut that is effective in 

absorbing and digesting food, absent of gastrointestinal complications, has a normal and stable 

microflora, and has effective immune functions (Davani-Davari et al., 2019). The gut microbiota 

serves many important roles for human health, which include: salvaging calories, producing 

arginine and glutamine, deconjugating bile acids, protecting the host from pathogens, and 

regulating host’s immunity through immune cells. In the ileum, microbiota are as high as 1012 

colony forming units (CFU)/mL — these microorganisms mainly include Bacteroides, 

Porphyromonas, Bifidobacterium, Lactobacillus, and Clostridium, with anaerobic 

microorganisms outnumbering aerobic microorganisms (Quigley, 2013). Probiotics resist bile 

salts by removing hydroxyl groups in bile and deconjugating glycodeoxycholic acid and 

taurodeoxycholic acid using BSH. BSH activity is present in many gram positive bacteria 

(Urdaneta & Casadesús, 2017). 

Studies have shown that environmental factors, such as diet, are more significant than genetic 

factors in determining the conditions and health of the gut. Inflammatory bowel disease (IBD) is 

characterized by chronic inflammation in the digestive tract due to an overactive immune 

response. IBD increases the risk of colorectal cancer and other diseases in the large intestine 

(Rothschild et al., 2018). Other habits that increase the risk of colorectal cancer are smoking and 

a sedentary lifestyle. Smoking induces changes in the gut microbiota, and airborne particles from 

ashes may reach the large intestine via mucociliary clearance from the lungs. Moreover, 

professional athletes exhibit a higher microbiota diversity in their gut compared to obese 
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individuals — this is highly associated with the difference in their activity level and higher 

consumption of protein and creatine kinase (Clarke et al., 2014; Conlon & Bird, 2014). Overall, 

it is essential to establish a healthy lifestyle, through exercise and diet. A healthy gut is important 

to minimize infections from pathogenic bacteria, viruses and fungi, as well as regulating 

hormones and immune responses. 

2.2 Probiotics 

As defined by the World Health Organization, probiotics are “live microorganisms, 

which when administered in adequate amounts, confer health benefits on the host” (Mack, 2005). 

Although probiotics have been used for a long time, they have attracted increased interest and 

awareness and become more popular. The most important component in selecting a probiotic 

strain is its safety. Probiotics must provide health benefits to their host and must not cause 

diseases or other health complications (Shi et al., 2016). Some specific factors that are addressed 

in probiotic selection are pathogenicity, infectivity, metabolic activities, and viability throughout 

storage and passage through the GI tract (Shi et al., 2016). Other desirable characteristics for 

probiotics are: acid and bile tolerance, adhesion to mucosal and epithelial surfaces, antimicrobial 

properties against pathogens, and BSH activity (Kechagia et al., 2013). Bile tolerance is a crucial 

quality for probiotics to survive through the intestine because bile can alter the gene expression 

of bacteria. Bile salt is the main component in bile, which contains antimicrobials that damage 

cell walls and DNA, in addition to damaging essential proteins for probiotics. Many probiotics, 

such as L. rhamnosus GG, actively remove bile compounds when they are exposed to bile 

(Alcántara & Zúñiga, 2012; Corcoran et al., 2008; Yokota, 2010).  

Probiotics demonstrate various mechanisms of action in the large intestine (Figure 1). 

They ensure proper balance among gut microbiota by competing with pathogens to adhere to 
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host cell-binding sites on the epithelium. Moreover, probiotics produce digestive enzymes, such 

as lipase and lactase, which alleviates GI discomfort for individuals who have digestive issues, 

such as lactose intolerance (Paulina Markowiak & Katarzyna Śliżewska, 2017). Many probiotic 

Lactobacillus strains modify the intestinal epithelium, which improves immunity, decreases 

translocation of pathogens across the intestinal mucosa, and decreases GI infections (Hemarajata 

& Versalovic, 2013). Antagonistic properties against pathogens are a common feature of some 

probiotics. Lactobacillus species produce H2O2 and acetic and lactic acids that lower the 

environmental pH. Additionally, lactobacilli and bifidobacteria species have been identified to 

produce bacteriocins. Bacteriocins are toxins made up of proteins that inhibit the growth of 

certain pathogens. A disadvantage of bacteriocins is that they are very specific, and in most 

cases, only bacteria that are genetically close to the bacteriocin-producing probiotics are 

susceptible to them (Servin, 2004).  

One of the biggest hindrances in the survivability of probiotics in the GI tract is their acid 

and bile tolerance in the stomach and small intestine, respectively. Probiotic’s survival through 

the GI tract is improved through the protective actions from food matrices and nutrients (Lo 

Curto et al., 2011). Praepanitchai et al. (2019) demonstrated that the survival of the probiotic 

Lactobacillus plantarum was significantly enhanced in acidic conditions when it was 

microencapsulated in alginate and soy protein hydrogel beads; the survival rate of encapsulated 

L. plantarum cells was as high as 2 log CFU/mL greater than the free cells.  
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Figure 1: A schematic of some mechanisms of action of probiotics in the intestine, such as 
antagonistic effects of bacteriocins, modulation of immune cells, and competing for binding sites 
against pathogens (Cerdó et al., 2019). 

. 

2.2.1 Lactobacillus acidophilus  

L. acidophilus is a gram positive probiotic that is known to ferment carbohydrates into 

lactic acid and has a higher acid tolerance than other Lactobacillus species. L. acidophilus is 

commonly found in the mouth and in the GI tract. It has shown antagonistic effects on numerous 

pathogens, such as Staphylococcus aureus, Escherichia coli, Salmonella Typhimurium, and 

Clostridium perfringens (Gilliland & Speck, 1977, p. 1; Ljungh & Wadström, 2006). L. 

acidophilus has also shown to reduce the adherence of Streptococcus mutans on human teeth by 

interacting with and colonizing binding sites. Reducing adherence of S. mutans is essential 

because the bacterium is a significant factor in causing tooth decay (Tahmourespour & 

Kermanshahi, 2011). 
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L. acidophilus is also commonly added into yogurt and other dairy products, as 80% of 

manufactured yogurts contain L. acidophilus (María Remes-Troche et al., 2020). There are no 

minimum levels required for the probiotic in milk products. However, approximately 106 CFU/g 

is recommended to be present in the foods (Sanders, 2003). Ferdousi et al. (2013) investigated 

the survivability of various probiotics in yogurt stored at room temperature to study the effects of 

cold chain interruption. L. acidophilus, along with other probiotics, such as L. rhamosus and L. 

paracasei, exhibited less that a 1 log reduction during a storage period of 24 h — L. acidophilus 

only exhibited a 0.4 log reduction.  

 The complete genome of L. acidophilus comprises of 1,993,564 nucleotides and an 

average guanine-cytosine content of 34.71%. The probiotic also contains 1,864 open reading 

frame (ORF), and approximately 72% of these ORFs are expected to have functions. Moreover, 

L. acidophilus has shown to encode several stress proteins, such as proteases and amino acid 

decarboxylases, which are responsible for its acid tolerance (Altermann et al., 2005). 

2.2.2 Lactobacillus rhamnosus  

 L. rhamnosus is a gram-positive facultative anaerobe that displays good growth 

characteristics and adherence to epithelial cells in the large intestine (Doron et al., 2005). The 

strain, L. rhamnosus GG (LGG), is the most well-known probiotic strain of the L. rhamnosus 

species. LGG contains pilis that strongly adhere to epithelial cells. Pilis are hair like appendages 

on the surface of many bacteria that are used to attach to the surfaces of other cells (Lebeer et al., 

2012). LGG contains a specific pili, SpaCBA pili, that plays a significant role in adhesion and 

biofilm formation. This pili is more common in strains that reside in the intestine and less 

common in strains that reside in the oral and vaginal cavities (Segers & Lebeer, 2014). 
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  Hojsak et al. (2010) showed that hospitalized children who consumed 100 mL of a 

fermented milk product that contained 109 CFU of LGG for 60 days had a significantly reduced 

risk of GI infections, compared to groups who had the placebo. Antitumor effects are a potential 

health benefit of LGG, as administering oral LGG has regressed tumor production of bladder 

cancer in an experimental model. In mice, LGG increased lymphotactin and reduced E-selectin, 

as well as pro–matrix metalloproteinase to reduce tumors in the bladder (F. Yan & Polk, 2012). 

Moreover, secretion of lactic acids and other acids shows antagonistic effects against Salmonella 

in vitro (Marianelli et al., 2010). 

2.2.3 Sacharomyces boulardii 

Yeast cell walls are made of 30-60% polysaccharides, and a small amount of chitin. Most 

of the proteins in yeast are linked to mannan-oligosaccharides. Unique components in fungal cell 

walls are chitin, β-1,3- and β-1,6-glucans, and cellulose. Additionally, chitin polymers are 

covalently cross-linked to β-glucan networks. These covalent bonds in their cell walls are 

stronger than bacteria, which involve polysaccharide chains cross-linked by unusual peptides — 

chitin polymers are a major contribution to the integrity of yeast cell walls. The outer layer of the 

cell wall is made of mannose with either proteins or lipids (D. Czerucka et al., 2007; Ene et al., 

2015). Because yeast demonstrate a stronger cell wall integrity than bacteria, yeast have a higher 

survivability in the GI tract than bacteria. Another factor that makes yeast more resistant than 

bacteria is its size; yeast cells (5-10 µm) are bigger than bacteria cells (0.5–5.0 µm). Larger cells 

are less likely to undergo phagocytosis and more likely to attach to intestinal walls and reach 

their maximum growth rate, as well as resist hard environmental conditions, such as acid and 

antibiotics (D. C. Yang et al., 2016).  



11 
 

Most yeasts in the GI tract are Candida albicans, which cannot confer any health benefits 

to the host. S. boulardii is the most common probiotic yeast studied and in the market; it is the 

only probiotic yeast that showed effects on human health in double blind studies. Some 

mechanisms that S. boulardii utilizes as a probiotic are regulating homeostasis in the gut, 

inducing immune responses, producing digestive enzymes essential for absorption, and 

producing antimicrobials, such as mycotoxins (D. Czerucka et al., 2007; Im & Pothoulakis, 

2010; Pothoulakis, 2009; Sulik-Tyszka et al., 2018). S. boulardii is successful in treating 

diarrhea associated with antibiotics, pathogens, and Crohn’s disease (Guslandi et al., 2003; 

McFarland, 2007; Surawicz et al., 1989). S. boulardii protect its host by neutralizing pathogens 

associated with diarrhea using toxins and modulating the host cell signaling pathway that is 

linked to proinflammatory responses (Dorota Czerucka & Rampal, 2002). Another factor that 

supports the efficacy of S. boulardii is its resistance to proteolysis, which is essential for passing 

through the GI tract as certain enzymes and antibiotics target bacterial proteins (Buts, 2009).  

 The use of antibiotics to treat infections is very effective and prevalent. However, many 

antibiotics are indiscriminate in destroying microorganisms — along with pathogens, antibiotics 

also kill essential probiotics that are established in the gut (Imperial & Ibana, 2016). Many  

Lactobacillus species are nonresistant to the antibiotics penicillin and β-lactamase (Gueimonde 

et al., 2013). Probiotic yeast has proven to have a higher resistance to antibiotics than probiotic 

bacteria. Neut et al. (2017) showed the probiotic yeast, S. boulardii CNCM I-745, had a 

significantly higher resistance to many antibiotics than tested probiotic bacteria, such as 

Lactobacillus, Bifidobacterium, and Bacillus species. S. boulardii had a minimum inhibitory 

concentration (MIC) of over 256 mg/L with the antibiotics benzylpenicillin, oxacillin, 
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amoxicillin, amoxicillin cefuroxime, cefpodoxime, and cefixime. On the other hand, most 

probiotic bacteria showed a MIC of below 1 mg/L with most of the tested antibiotics.  

 There are no significant risks in using S. boulardii as a probiotic in clinical trials 

(Kelesidis & Pothoulakis, 2012), however, complications have arisen in immunocompromised 

individuals. Individuals who have severe intestinal diseases have had fungemia from ingesting S. 

boulardii; fungemia is the invasion of fungi into the blood from the GI tract or skin infections 

(Buts, 2009).   

2.3 Pathogens  

Pathogens are disease-causing organisms to their host; they range from viruses, protozoa, 

bacteria, fungi, and parasites. Pathogens are categorized into facultative or obligate organisms. 

Facultative pathogens are pathogens found in the environment and can reside in various niches to 

reproduce, such as the hospital acquired pathogen, Clostridium difficile. Obligate pathogens, 

however, require host cells to reproduce. All viruses are obligate, along with other bacteria and 

microparasites (Heinlen & Ballard, 2010). Pathogens are detrimental to humans because they 

cause diseases through various mechanisms, such as producing toxins that directly damage host’s 

tissues and excessively triggering host’s immune response that indiscriminately damages 

infected and uninfected cells (Balloux & van Dorp, 2017). Ingestion of enterohemorrhagic 

Escherichia coli (EHEC) causes diarrhea and fatal conditions, such as hemorrhagic colitis and 

hemolytic uremic syndrome. EHEC’s virulence is associated with its ability to attach to intestinal 

mucosal cells and secreting the cytotoxins: Shiga-like toxin I and Shiga-like toxin II (Benjamin 

& Datta, 1995). 
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Although pathogens may exist in various niches and in large quantities, not all pathogens are 

detrimental to humans, as they must invade lines of defense in the immune system and colonize 

the host. Intestinal microbiota plays a key role in deterring pathogens from colonizing the 

epithelium — this concept is called colonization resistance.  For instance, Bacteroides 

thetaiotaomicron consumes certain carbohydrates that pathogenic Citrobacter rodentium uses to 

survive; this starves the pathogen by limiting its essential resources (Rolhion & Chassaing, 

2016). 

 E. coli O157:H7 is a gram-negative, rod-shaped, facultative anaerobic EHEC bacterium. 

It is one of the most common foodborne pathogen (Kaper et al., 2004); it can produce Shiga 

toxins (Stxs) that cause diarrhea and serious illnesses, like hemorrhagic colitis (Melton-Celsa et 

al., 1996). Stxs include Stx1 and Stx2. E. coli O157:H7 can express either one or both of these 

toxin genes; Stx2 is more toxic and is attributed to life-threatening hemolytic uremic syndrome 

(Boerlin et al., 1999).  

  

E. coli O157:H7 may be naturally carried by cattle. It is easily transmissible through 

contaminated food and water, person to person contact, and even from animal to person contact. 

Contaminated ground beef is the most common cause of E. coli O157:H7 outbreaks due to its 

high surface area to volume ratio. Therefore, controlling E. coli O157:H7 in cattle is imperative 

(Lim et al., 2010). Intervention methods include improving farm practices, improving meat 

production sanitization and manufacturing practices, and using vaccinations on cattle.  

Probiotics have proved to reduce E. coli O157:H7 infections by competing for 

colonization in the intestine, producing antimicrobials, and balancing the gut microbiota. L. 

johnsonii and L. acidophilus strains have been reported to inhibit IL-8 that is induced by E. coli 
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by competing for binding sites on co-receptor CD14 of epithelial cells (Boerlin et al., 1999). 

Studies showed feeding cattle with a wide range of probiotics reduced E. coli O157:H7 levels in 

their feces (Wan et al., 2019). Calves fed with Streptococcus bovis and L. gallinarum also had 

reduce levels of E. coli O157:H7 in their feces (Ohya et al., 2000). These findings show directly 

feeding livestock with probiotics may be an effective pre-harvest practice in reducing the 

occurrence of E. coli O157:H7 infections.  

 

2.4 Prebiotics 

 Prebiotics are nondigestible ingredients that have health benefits to the host by selectively 

stimulating the growth and/or metabolism of probiotics in the large intestine (Glenn R. Gibson & 

Roberfroid, 1995). Most prebiotics are fibers and metabolized in the ileum and ascending colon 

(Holscher, 2017). Like prebiotics, dietary fibers are: components of edible plant cells; 

carbohydrates; resistant to hydrolysis by human enzymes; resistant to absorption in the small 

intestine; and hydrolyzed and fermented in the colon by gut microflora (M. Roberfroid, 1993). 

Overall, prebiotics should be resistant to stomach acid, not digested, not absorbed, poorly 

fermented by pathogens and bacteria in the cavity, and be fermented by probiotics (Paulina 

Markowiak & Katarzyna Śliżewska, 2017). Side effects to ingesting prebiotics may be 

abdominal discomfort and fluctuation due to fermentation of prebiotics in the colon that 

produces hydrogen and carbon dioxide (Niittynen et al., 2007). There are many types of 

mechanisms of action for prebiotics, such as regulating the action of hepatic lipogenic enzymes 

by helping increase the production of short-chain fatty acids (SCFA). (Schley & Field, 2002).    

 There are many types of prebiotics, including fructans, galacto-oligosaccharides (GOS), 

and resistant starches (RS). Fructans contain a linear chain of fructose with β(2→1) linkage, 
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while GOS typically are a mixture of tri- to pentasaccharides with galactose in β(1→6), β(1→3), 

and β(1→4) linkages (Davani-Davari et al., 2019). RS are tightly packed starches containing 

layers of amylose and amylopectin. The tightly packed structure of RS inhibits their digestion by 

amylase. The five types of RS include: RSI, physically inaccessible starch; RSII, granular starch 

with the B- or C-polymorph; RSIII, retrograded starch; RSIV, chemically modified starches; and 

RSV, amylose-lipid complex (Birt et al., 2013). 

2.4.1 Synbiotics with probiotics and prebiotics 

 Synbiotics refer to the synergism of probiotics and prebiotics that improve the survival, 

growth, and/or metabolism of probiotics in the GI tract. The main interactive roles of probiotic 

and prebiotic occurs in the small and large intestines. There are also evidence that shows 

prebiotics increase the viability of probiotics in harsh environmental conditions in the intestine, 

such as oxygenation, acidic, and thermal conditions (Ziemer & Gibson, 1998). Synbiotics also 

reduce detrimental metabolites and inactivate nitrosamines and cancerogenic substances. 

Furthermore, synbiotics exhibit antibacterial, anticancerogenic, and anti-allergic effects (Pandey 

et al., 2015). 

 Synbiotics may successfully enhance immune functions. Panda et al. (2006) 

demonstrated when patients ingested Bacillus coagulan with the prebiotic, inulin, for six weeks, 

C-reactive proteins (CRP) decreased and glutathione levels increased. CRP contains 

proinflammatory properties that exacerbates tissue damage (Sproston & Ashworth, 2018). In 

addition, glutathione is an antioxidant that inhibits inflammatory cytokines (Diotallevi et al., 

2017). Along with decreasing detrimental proteins at high levels, synbiotics can reduce lipid 

levels. Hypercholesterolemic rats that were fed rice bran, containing prebiotics and L. 
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acidophilus, showed reduced cholesterol levels (Oberreuther-Moschner et al., 2004), and 

hypercholesterolemic pigs that were fed L. acidophilus  with the prebiotics, 

fructooligosaccharides (FOS), mannitol, and inulin, also showed reduced cholesterol levels 

(Liong et al., 2007). 

2.4.2 Inulin 

 Inulin is a naturally occurring polysaccharide and a type of fructan that is found in many 

types of plants, such as chicory root, agave, artichokes, asparagus, bananas, garlic, onions, leeks, 

and wheat (Slavin, 2013). Inulin is made up of linear polysaccharides consisting mainly of β-

(2←1) fructosyl-fructose linkages; the degree of polymerization of inulin varies according to its 

source, varying from 2 to 60 units, with an average of 12 units. One of the standards that makes 

inulin an effective prebiotic is its resistance to digestion by the human enzyme, amylase, due to 

the β-(2←1) fructosyl-fructose glycosidic linkages (Kelly, 2008).  

 The digestion of inulin is frequently from inulinase. Inulinase is produced by bacteria and 

fungi and targets the oxygen group on terminal β-(2←1) fructosyl units from cleavage of the 

glycosidic linkages. Strains of Bacillus subtilis, Actinomyces viscosus, Streptococcus species, 

Kluyveromyces fragilis, and Chrysosporium pannorum,  and Penicillium species produce 

inulinase (Vijayaraghavan et al., 2009). Degradation of inulin by inulinase yields fructose from 

the terminal fructose unit on the non-reducing end, as well as inulooligosaccharides. 

Inulooligosaccharides from the endo-inulinase hydrolysis of inulin found in artichoke resulted in 

an 80-degree level of polymerization (Ronkart et al., 2007). Inulinase from yeast species is an 

extracellular enzyme that is found in S. cerevisiae and Kluyveromyces marxianus strains; K. 

fragilis strains exhibit the highest production of inulinase (Grootwassink & Hewitt, 1983). Other 

microorganisms that produce inulinase are P. janczewskii and B. infantis ATCC 15697, both 
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yielding fructofuranosidases (two inulinases and one invertase) (Hensing et al., 1995; Warchol et 

al., 2002). 

The bioavailability of some minerals, such as calcium and magnesium, increases when 

individuals ingest inulin. This is not evident for mineral absorption in the small intestine; 

however, the changes of microflora in the gut by inulin mediate the absorption of calcium and 

magnesium. This principle has also been proven by Coudray et al. (2003), as rats that ingested 

inulin for one week showed significantly higher absorption of calcium compared to the group 

that had no inulin.  

Studies have shown inulin to suppress colon related carcinogens in mice and rats in 

symbiosis with probiotics. Because many types of inulin, such as high-performance inulin, exist 

as long chain fibers, they are slowly fermented throughout the colon, thus, prolonging their 

effects. Changes in the composition and activity of the gut microflora influence the compositions 

of SCFAs induced by inulin and increase the level of butyrate (M. B. Roberfroid, 2007). 

Butyrate treats colorectal cancer by inhibiting histone deacetylases to increase the expression of 

genes that induce apoptosis and increase differentiation of cancer cells (Han et al., 2018). 

2.4.3 Fructooligosaccharides (FOS) 

 FOS is an oligosaccharide fructan that is composed of a small number of fructose units 

linked by (2→1)-β-glycosidic bonds and has a single D-glucosyl unit at the non-reducing end. 

The degree of polymerization ranges from 2 to 10. It is naturally occurring and produced 

commercially through inulin degradation, using endoinulinase, or through a transfructosylation 

processes. Synthesis of FOS is also achieved from sucrose using β-fructofuranosidase produced 

by Aspergillus aculeatus — this is more economical. FOS synthesized from sucrose is sweeter 

than FOS from inulin hydrolysis due to the shorter glucose chains (Lorenzoni et al., 2014). FOS 
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production from transfructosylation involves using fructosyltransferases to cleavage β-2,1-

glycosidic bonds and transferring fructosyl moieties that act as donors. Transfructosylation yields 

approximately 30% less FOS than using endoinulinase (Martins et al., 2019). FOS is also 

extracted from various plant sources, such as bananas, onions, chicory root, garlic, asparagus, 

leeks, blue agave, wheat, barley, and artichoke (Campbell et al., 1997; Dumitriu, 2005).  

 FOS as a prebiotic has shown evidence of health promoting effects through synbiotics. 

Microorganisms, such as bifidobacteria and lactic acid bacteria (LAB), utilize β-

fructofuranosidase to metabolize FOS. Like inulin, FOS is hydrolyzed into glucose in the large 

intestine that is metabolized by probiotics into different organize compounds, such as SCFA and 

biomass. Studies have also shown levels of Bifidobacterium in humans increase when they ingest 

FOS or inulin (Bouhnik et al., 1996, 1999) and that Bifidobacterium ferments FOS in vitro (G.R. 

Gibson & Wang, 1994). Sivieri et al. (2014) conducted an in vitro experiment on the effects of 

FOS on the gut microbiota. Sivieri found adding 5 g/day FOS into the diet for 4 weeks increased 

Lactobacillus and Bifidobacterium species, and increased SCFA and butyrate levels. Mei et al. 

(2011) also found that FOS from rye increased the growth of a wide range of probiotics, such as 

L. rhamnosus GG, L. curvatus, L. plantarum, L. kefir, and L. reuteri, Bifidobacterial, and 

Pediococcus species.  

2.5 Foods with prebiotic potential  

 Many foods and their components play a significant role in human health. For example, 

Jerusalem artichoke contains a high level of fiber, many of which are inulin and FOS. Chicory 

root is a common source of prebiotics because a dried chicory root contains approximately 65% 

prebiotics. Others foods that contains prebiotics are: garlic, leek, onion, asparagus, and banana 
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(Moshfegh et al., 1999). Many foods with prebiotics are considered “functional foods” because 

they may reduce the risk of diseases (M. Roberfroid, 2002).   

2.5.1 Breadfruit  

 Breadfruit (Artocarpus altilis) is a starchy tropical crop native to the Pacific islands and 

has been used by Pacific Islanders for over 3,000 years. Breadfruit is an efficient food to address 

food insecurity due to its high nutritional profile and crop yield. A breadfruit tree yields 250 to 

400 kg of fruits that can be eaten baked, boiled, roasted, or dehydrated. The protein content in 

breadfruit (3.9% of dry weight) is higher than most fruits and includes all the essential amino 

acids; leucine and lysine together make up 30% of the total amino acid content (Y. Liu et al., 

2015). Since essential amino acids cannot be synthesized by humans, this shows breadfruit is a 

good source of proteins for vegetarians. It is more difficult to obtain all essential amino acids 

when eliminating meats and fish in the diet (Sakkas et al., 2020).  

 Along with its high-quality nutritional content, breadfruit consumption has shown to 

decrease epithelial carcinogens in mice. Breadfruit contains a rich source of antioxidants, such as 

polyphenols, that exhibit anti-inflammatory and anticancer properties in vitro. Lin et al. (2014) 

investigated the role of breadfruit in prevention of inflammation-associated skin tumorigenesis in 

mice and found leukocyte infiltration and cutaneous edema induced by 12-O-

tetradecanoylphorbol-13-acetate decreased. Gao et al. (2019) developed a probiotic beverage 

using breadfruit flour as a substrate and various Lactobacillus strains as the fermentation starters. 

Many Lactobacillus strains showed an increase of over 2 log CFU/mL after 72 h of fermentation. 

Breadfruit may be used to make functional foods that contain probiotics.  

2.5.1.1 Resistant starch in breadfruit 
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 Resistant starch is a starch that survives digestion in the stomach and small intestine. 

Resistant starch is able to pass into the large intestine where it is fermentable by gut bacteria to 

produce various metabolites, such as SCFAs (Sharma et al., 2008). SCFAs are absorbed in the 

large intestine by epithelial cells, the liver, and other tissues (Andoh et al., 2003). Most resistant 

starch 2 contains higher levels of amylose than amylopectin because the tightly packed structure 

by amylose has a greater tendency to form double helices than amylopectin, which inhibits 

amylase from cleaving glycosidic bonds on amylose (Harris, 2019).  

 Breadfruit is highly perishable, so it is often converted into flour to improve shelf life.   

Breadfruit flour has high starch and fiber contents, and is likely to have high levels of resistant 

starch 3 due to the cooking and cooling process of breadfruit to obtain the flour. Huang et al. 

(2020) analyzed the physicochemical properties and nutritional content of breadfruit flour and 

found its starch content ranging from 66.59% to 72.19%. The amylose content of breadfruit has 

been found to be 33.3% of the total starch content (Haydersah et al., 2012). Tan et al. (2017) also 

reported that amylose constituted 16.83% of the starch in breadfruit.  

Because of its high resistant starch content, breadfruit may be a potential functional food 

with prebiotic properties. Humans and pigs that consume resistant starch resulted in higher levels 

of SCFAs in their feces. This suggests the fermentative action of the gut microbiota on resistant 

starch in the large intestine (Topping et al., 2003). L. plantarum and L. fermentum strains 

fermented 26 g and 29.7 g per 100 g of total resistant starch in dry matter, respectively. It has 

also been found that fermentation could increase the resistant starch content (Haydersah et al., 

2012). 

2.6 Summary 
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 This review serves to show the importance of probiotics in the gut health and why it is 

essential to incorporate prebiotics in a diet comprising probiotics. There is currently only one 

yeast strain, S. boulardii, that serves as a probiotic in the market. Introducing wider varieties of 

probiotic yeast and bacteria strains will reduce their cost, which will allow probiotics to be more 

affordable and available to the general public. Other prospective applications pertaining to 

prebiotics are utilizing fiber and resistant starch from breadfruit as a potential prebiotic. 

Breadfruit is a versatile and accessible food in the Pacific. Moreover, due to the growing 

popularity of breadfruit, foods that contain probiotics and breadfruit powder or resistant starch 

from breadfruit can potentially be marketed to increase the consumption of synbiotic foods.  
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Chapter 3. Materials and Methods 

3.1 Extraction of water-soluble dietary fiber from breadfruit 

 Dietary fiber extraction method was adapted from McCleary et al. (2012). 50 g of 

breadfruit powder obtained from a local farm was mixed with 2 L of sodium malate mixture. 

Sodium malate solution was prepared by dissolving 11.6 g of maleic acid in 1600 mL of distilled 

water and adjusting the pH to 6.0 with 8 M of NaOH solution. 0.6 g of CaCl2 and 0.4 g of 

sodium azide were added. The volume was adjusted to 2 L. 10 g of α-amylase from porcine 

pancreas (10 units/mg) was added to the mixture and stirred for 5 min. 115 mg of 

amyloglucosidase from Aspergillus, purchased from Sigma-Aldrich (St. Louis, MO, USA), was 

also added.  

The breadfruit sample was transferred to a shaking water bath and incubated at 37°C and 

150 rpm for 16 h. Then the pH of the sample was adjusted to 8.2 with 0.75 M of Trizma base to 

terminate the starch digestion. The sample was heated to 95-100°C and incubated for 20 min 

with constant stirring. After the sample was cooled to 60°C, 2.85 g of protease (300 TU/mg) was 

added into the mixture and incubated in a shaking water bath at 60°C and 150 rpm for 30 min. 

The pH of the sample was adjusted to 4.3 with acetic acid to terminate protein digestion. A 

vacuum filter was used to filter the sample. The liquid filtrate was collected and the total volume 

of the filtrate was adjusted to 2 L with deionized water. 7.8 L of 95% (v/v) ethanol was preheated 

to 60°C and added to the filtrate and mixed thoroughly. Water-soluble dietary fiber precipitated 

and formed at room temperature for 60 min. The mixture was centrifuged at 6,000 rpm for 15 

min and water-soluble dietary fiber was collected and washed with 95% (v/v) EtOH. The sample 

was dried at 37°C for 7 days. 
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3.2 Growth of probiotic and pathogenic strains 

 LAB strains, L. rhamnosus and L. acidophilus, were subcultured in MRS medium, 

purchased from Difco Laboratories (Sparks, MD, USA), for 24 h ± 1 h at 37°C. S. boulardii was 

subcultured in yeast nitrogen base (YNB) medium, purchased from HiMedia Laboratories Pvt. 

Ltd (Mumbai, India), for 24 h ± 1 h at 30°C. E. coli O157:H7 was subcultured in Tryptic soy 

broth, purchased from Difco Laboratories, for 24 h ± 1 h at 37°C. All strains were grown under 

aerobic conditions.  

 

3.3 Acid resistance of probiotic strains 

For the acid resistance assay, MRS broths and YNB broths containing 1.0% to 4.0% 

(w/v) of inulin, FOS, or breadfruit dietary fiber, with 0.5% increments, were adjusted to pH 2. 

LAB and S. boulardii cells were harvested by centrifugation at 5000 rpm for 5 min. The pellets 

were washed twice with sterile phosphate-saline buffer (PBS) and resuspended in PBS. Acidified 

MRS and YNB broths were inoculated with live LAB and S. boulardii cultures, respectively. 

Resistances of LAB and S. boulardii were also tested on negative control (broths with no carbon 

source) and positive control (broths containing 2.0% [w/v] glucose). The inoculated broths were 

incubated at 37°C for LAB and 30°C for S. boulardii for 3 h. Samples were serially diluted with 

0.1 % peptone solution and viable cell counts were determined by spread plate method on MRS 

agar for LAB and yeast extract agar for S. boulardii at 0 h, 30 min, 1 h, 2 h, and 3 h.  

 

3.4 Bile resistance of probiotic strains 

For bile resistance assay, MRS broth and YNB broth containing 0.3% (w/v) bile salt and 

1.0% to 4.0% (w/v) of inulin, FOS, or breadfruit dietary fiber, with 0.5% increments, were 
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inoculated with LAB cultures and S. boulardii, respectively. Resistances of LAB and S. 

boulardii were tested on negative control (broths with no carbon source) and positive control 

(broths containing 2.0% glucose). Samples were incubated at 37°C for LAB and 30°C for S. 

boulardii for 4 h. Viable cell count was determined as described above at 0 h, 1 h, 2 h, 3 h, and 4 

h. 

 

3.5 Biofilm formation of microbial strains 

Biofilm assay was adapted from Maisuria et al. (2015). Fresh cultures were diluted to 103 

CFU/ml for S. boulardii and 106 CFU/mL for LAB and E. coli O157:H7. 10 μL of with LAB, S. 

boulardii, and E. coli O157:H7 were inoculated in MRS broth, YNB broth, and M9 broth, 

respectively. Each broth contained 1.0% to 4.0% (w/v) of inulin, FOS, or breadfruit dietary fiber, 

with 0.5% increments. 100 μL of aliquots of the cultures were transferred into polystyrene, flat 

bottom, 96-well plates, in triplicates. Plates were incubated for 16 h at 37°C for bacteria and 

30°C for S. boulardii. The OD600 values were measured, and the broth was decanted. Plates were 

gently rinsed three times with deionized (DI) water. Water was decanted, and plates were 

incubated at room temperature until wells were completely dried. Then, 100 μL of 0.1% (w/v) 

crystal violet (CV) were added into each well and incubated for 15 min at room temperature. 

Wells were rinsed ten times with DI water and incubated at room temperature until wells were 

completely dried. Residual CV in wells was solubilized in 100 µL of absolute ethanol for 10 

min. The OD570 values were measured. The OD values of cell-free broth were measured under 

the same conditions to adjust for background signal.  
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3.6 Determination of prebiotic activity score 

Fresh cultures were diluted to 102 CFU/mL for S. boulardii and 104 CFU/mL for LAB and E. coli 

O157:H7.  MRS broth, YNB broth, and M9 broth containing 1.0% to 4.0% (w/v) of inulin, FOS, 

or breadfruit dietary fiber, with 0.5% increments, were inoculated with LAB, S. boulardii, and E. 

coli O157:H7, respectively. Growth of LAB, S. boulardii, and E. coli O157:H7 were tested on 

negative control (broths with no carbon source) and positive control (broths containing 2.0% 

glucose).  Broths inoculated with LAB and E. coli O157:H7 were incubated at 37°C for 24 h 

whereas broths inoculated with S. boulardii were incubated at 30°C for 24 h. Viable cell count 

was determined as described above at 0 h, 12 h, and 24 h. Prebiotic activity score was 

determined by the following equation (Huebner et al., 2007):  

𝐴 =
(𝑃𝑟𝑜𝑏𝑖𝑜𝑡𝑖𝑐	𝑤𝑖𝑡ℎ	𝑝𝑟𝑒𝑏𝑖𝑜𝑡𝑖𝑐	𝑎𝑡	24ℎ) − (𝑃𝑟𝑜𝑏𝑖𝑜𝑡𝑖𝑐	𝑤𝑖𝑡ℎ	𝑝𝑟𝑒𝑏𝑖𝑜𝑡𝑖𝑐	𝑎𝑡	0ℎ)
(𝑃𝑟𝑜𝑏𝑖𝑜𝑡𝑖𝑐	𝑤𝑖𝑡ℎ	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑎𝑡	24ℎ) − (𝑃𝑟𝑜𝑏𝑖𝑜𝑡𝑖𝑐	𝑤𝑖𝑡ℎ	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑎𝑡	0	ℎ)  

𝐵 =
(𝑃𝑎𝑡ℎ𝑜𝑔𝑒𝑛	𝑤𝑖𝑡ℎ	𝑝𝑟𝑒𝑏𝑖𝑜𝑡𝑖𝑐	𝑎𝑡	24ℎ) − (𝑃𝑎𝑡ℎ𝑜𝑔𝑒𝑛	𝑤𝑖𝑡ℎ	𝑝𝑟𝑒𝑏𝑖𝑜𝑡𝑖𝑐	𝑎𝑡	0ℎ)
(𝑃𝑎𝑡ℎ𝑜𝑔𝑒𝑛	𝑤𝑖𝑡ℎ	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑎𝑡	24ℎ) − (𝑃𝑎𝑡ℎ𝑜𝑔𝑒𝑛	𝑤𝑖𝑡ℎ	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑎𝑡	0	ℎ)  

Prebiotic activity score=A-B 

Equation 1 

 

3.7 Simulated digestion of probiotic strains 

Simulation digestion of probiotics was adapted from Brodkorb et al. (2019) and Klu & 

Chen (2016). Simulated digestion was carried out in a water bath at 37°C and 150 rpm. LAB and 

S. boulardii cells were harvested by centrifugation at 5000 rpm for 5 min, respectively. The cell 

pellets were washed twice with PBS. For the oral phase, LAB and S. boulardii were separately 

inoculated into 10 mL of simulated salivary fluid (SSF) containing 75 U/mL of salivary amylase 

and 0.6 g of inulin, FOS, or breadfruit dietary fiber. Samples were incubated for 15 min. To 
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mimic the stomach phase, 10 mL of simulated gastric fluid (SGF) was combined with SSF, and 

the pH of the mixture was adjusted to 3.0 with HCl. SGF contained 30 mg/10 mL of pepsin and 

0.009 mg/10 mL of gastric lipase. Samples were incubated for 2 h. To mimic the intestinal phase, 

20 mL of simulated intestinal fluid (SIF) was added to the samples, and the pH of the mixture 

was adjusted to 7.0 with NaOH. SIF contained 0.01 g/10 mL of pancreatin and 10 mM of bile 

salts. Samples were incubated for an additional 22 h. Viable cell count was determined as 

described above at 0 h, 15 min, 2 h, 6 h, 12 h, and 24 h.   

Table 1: Electrolyte stock solutions of digestion fluids 

 SSF SGF SIF 

Salt added Salt concentration (mM) Salt concentration (mM) Salt concentration (mM) 

KCl 15.1 6.9 6.8 

KH2PO4 3.7 0.9 0.8 

NaHCO3 13.6 25 85 

NaCl 0 47.2 38.4 

MgCl2 0.15 0.12 0.33 

(NH4)2CO3 0.06 0.5 0 

CaCl2 1.5 0.15 0.6 

SSF= Simulated salivary fluid; SGF= Simulated gastric fluid; SIF= Simulated intestinal fluid.  

Concentrations of electrolyte stock solutions used on digesetion fluids during simulated digestion 
Brodkorb et al. (2019).  

 

3.8 Statistical analysis 

All experiments were conducted in three independent replicates, and data were reported 

as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) test was applied to 

analyze the data. This was followed by Tukey’s range test for significance between different 

treatments. All differences between means were assessed at significance level of α = 0.05. 
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Chapter 4. Results 

4.1 Extraction of water-soluble dietary fiber from breadfruit 

 Extraction of fiber from breadfruit yielded an average of 2.61 g ± 0.3 g of fiber per 50 g 

of breadfruit powder.  

4.2 Acid resistance of probiotic strains 

 Figure 2 illustrates the acid resistance of S. boulardii when YNB broth was at pH 2 and 

was supplemented with inulin of different concentrations. Inulin did not help the survival of S. 

boulardii at 30 min. At 1 h, 1.0% inulin increased the survival of S. boulardii to 6.66 log 

CFU/mL. At 2 h, the addition of inulin increased the survival of S. boulardii, with 1.0% and 

3.5% as the optimum concentrations compared to the negative control and glucose. In 

comparison, all inulin treatments but 4% inulin yielded better acid resistance in S. boulardii than 

the negative control. There was no significant difference between any inulin concentrations. 

 

Figure 2 The survival of S. boulardii in acidified YNB broth (pH 2) containing different 
concentrations of inulin (n=3). Different letters denote values are significantly different at α = 
0.05. 
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Compared to the negative control, FOS and glucose did not affect the survival of S. 

boulardii at 30 min and 1 h in YNB broth with pH 2 (Figure 3). At 2 h, there is a significant 

increase in acid resistance of S. boulardii with FOS. FOS concentrations of 1.0%, 1.5%, 2.5%, 

3.0%, and 4.0% were the most effective, as viable counts were 6.56, 6.64, 6.57, 6.61, and 6.67 

log CFU/mL, respectively. These counts are significantly higher than that of glucose treatment.  

At 2 h, all concentrations of FOS increased the survival of S. boulardii, compared to negative 

control, which had a viable count of 6.21 log CFU/mL (Figure 3).  

 
Figure 3 The survival of S. boulardii in acidified YNB broth (pH 2) containing different 
concentrations of FOS (n=3). Different letters denote values are significantly different at α = 
0.05. 
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Figure 4 shows breadfruit fiber did not affect the survival of S. boulardii through 1 h. At 

2 h, 1.5% and 3.5% of breadfruit fiber were the optimum concentration for the survival of S. 

boulardii because they significantly increased the yeast count compared to the negative control. 

Viable counts for 1.5% and 3.5% of breadfruit fiber treatments were 6.65 log CFU/mL and 6.63 

log CFU/mL, respectively. None of the breadfruit fiber treatments were significantly different 

from the glucose treatment.  

 
Figure 4 The survival of S. boulardii in acidified YNB broth (pH 2) containing different 
concentrations of breadfruit fiber (n=3). Different letters denote values are significantly different 
at α = 0.05. 

 

 

 

 

 

 

a a
a ab

a a
a

a

a a a aba a a
b

a a a aba a
a

ab
a a a aba a a

b
a a a ab

3

3.5

4

4.5

5

5.5

6

6.5

7

0 0.5 1 2

Vi
ab

le
 c

ou
nt

 (L
og

 C
FU

/m
L)

 

Time (h)

Glucose 2%

Negative control

Breadfruit fiber
1.0%
Breadfruit fiber
1.5%
Breadfruit fiber
2.0%
Breadfruit fiber
2.5%
Breadfruit fiber
3.0%
Breadfruit fiber
3.5%
Breadfruit fiber
4.0%



30 
 

The acid resistance of L. rhamnosus in MRS broth at pH 2 was not significantly affected 

by inulin, FOS, or breadfruit fiber at 30 min (Figure 5).  At 1 h of incubation, 3.0% and 2.5% of 

breadfruit fiber exhibited higher counts of L. rhamnosus (5.10 log CFU/mL) than the negative 

control (4.32 log CFU/mL). At 2 h, the addition of prebiotics did not make a significant 

difference on the survival of L. rhamnosus compared to the negative control, as the viable count 

of the latter was 3.33 log CFU/mL (Figure 5).   

 

Figure 5 The survival of L. rhamnosus in acidified MRS (pH 2) broth containing different 
concentrations of prebiotics (n=3). Different letters denote values are significantly different at α 
= 0.05. 
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At 1 h of incubation, 2.5% of breadfruit fiber and 2.0% of FOS increased the survival of 

L. acidophilus in MRS broth at pH 2, as the viable count was 7.64 log CFU/mL and log 7.72 

CFU/mL, respectively (Figure 6). At 2 h, 3.5% of breadfruit fiber exhibited the optimum 

concentration because the viable count was 6.82 log CFU/mL, compared to negative control at 

5.32 log CFU/mL. Tested prebiotics did not make a significant difference in the survival of L. 

acidophilus at 30 min (Figure 6). 

 

Figure 6 The survival of L. acidophilus in acidified MRS broth (pH 2) containing different 
concentrations of prebiotics (n=3). Different letters denote values are significantly different at α 
= 0.05. 
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Figure 7 Bile resistance of S. boulardii in YNB broth containing 0.3% (w/v) bile salt and 
different concentrations of inulin (n=3). 
 

 
 
Figure 8 Bile resistance of S. boulardii in YNB broth containing 0.3% (w/v) bile salt and 
different concentrations of FOS (n=3). 
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Figure 9 Bile resistance of S. boulardii in YNB broth containing 0.3% (w/v) bile salt and 
different concentrations of breadfruit fiber (n=3).  
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Figure 10 Bile resistance of L. rhamnosus in MRS broth containing 0.3% (w/v) bile salt and 
different concentrations of prebiotics (n=3).  
 
 

 

Figure 11 Bile resistance of L. acidophilus in MRS broth containing 0.3% (w/v) bile salt and 
different concentrations of prebiotics (n=3).  
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4.4 Biofilm formation of microbial strains 

 Concentration of cells adhered to the well (OD570) was normalized to the level of cell 

growth (OD600) to minimize bias from possible differences in cell growth level on biofilm 

quantification. The ratio of biofilm formation to cell concentration (OD570/600) is expressed in 

Figures 12-15. The biofilm formation of S. boulardii increased with inulin, FOS, and breadfruit 

fiber. The OD of S. boulardii in the negative control and glucose were 0 and 0.27, respectively. 

With the addition of inulin, 1.0% and 1.5% were the optimal concentrations, as the OD were 

0.83 and 0.64, respectively, which were significantly higher than the two controls. Comparing 

concentrations of FOS, 1.0% and 2.5% provided the best biofilm formation because the OD570/600 

were 0.54 and 0.44, respectively. All concentrations of FOS delivered higher biofilm formation 

than the negative control. Finally, the best breadfruit fiber concentration for S. boulardii to form 

biofilms was 1.0%, 2.0%, and 2.5%, with OD570/600 values of 2.39, 4.60, and 4.44, respectively. 

Moreover, these concentrations were more effective in promoting biofilm formation than the 

negative control and glucose (Figure 12).  

 
Figure 12 Biofilm formation of S. boulardii in YNB broths containing different concentrations 
of prebiotics (n=3). Different letters denote values are significantly different at α = 0.05. 
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For L. rhamnosus, biofilm formation was the highest with 4.0% breadfruit fiber at an 

OD570/600 of 0.99. This OD was not significantly different from that of glucose, which had an 

OD570/600 of 1.57. Moreover, the positive controls, 2.0% inulin and FOS, showed higher OD 

values, 0.22 and 0.27, respectively, than the negative control. 3%and 3.5% Breadfruit fiber also 

had a significant effect on biofilm formation of L. rhamnosus compared to inulin, FOS, and the 

negative control (Figure 13).   

 

Figure 13 Biofilm formation of L. rhamnosus in MRS broths containing different concentrations 
of breadfruit fiber (n=3). Different letters denote values are significantly different at α = 0.05.  
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 L. acidophilus grown in 2.0% glucose formed the most biofilm with an OD570/600 of 2.60. 

However, the addition of prebiotics and breadfruit fiber did not affect significantly the biofilm 

formation L. acidophilus. 

 

Figure 14 Biofilm formation of L. acidophilus in MRS broths containing different 
concentrations of breadfruit fiber (n=3). Different letters denote values are significantly different 
at α = 0.05. 
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Figure 15 Biofilm formation of E. coli O157:H7 in M9 broths containing different 
concentrations of prebiotics (n=3). Different letters denote values are significantly different at α 
= 0.05. 
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Figure 16 Growth of S. boulardii in YNB broths containing different concentrations of inulin 
(n=3). Different letters denote values are significantly different at α = 0.05. 

 

  

  

a

a
a

a b
ba

a
a

a

a
a

a

a
a

a

a
a

a

a
a

a

a
a

a

a
a

0

1

2

3

4

5

6

7

8

0h 12h 24h

Vi
ab

le
 c

ou
nt

 (L
og

 C
FU

/m
L)

 

Time (h)

Glucose 2%

Negative control

Inulin 1.0%

Inulin 1.5%

Inulin 2.0%

Inulin 2.5

Inulin 3.0%

Inulin 3.5%

Inulin 4.0%



40 
 

At 12 h, the level of S. boulardii in YNB broths reached 6.23 to 6.39 log CFU/mL with 1.5% to 

4.0% FOS; 1.0% FOS treatment did not make a significant difference in the viable count. At 24 

h, the S. boulardii counts of all FOS treatments and 2% glucose were significantly higher than 

that of the negative control (Figure 17).   

 

 
Figure 17 Growth of S. boulardii in YNB broth containing different concentrations of FOS 
(n=3). Different letters denote values are significantly different at α = 0.05. 
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 At 12 h, S. boulardii supplemented with 2.0% to 4.0% of breadfruit fiber showed 

significant growth (5.40 log CFU/mL 5.67 to log CFU/mL) compared to the negative control. At 

24 h, all concentrations of breadfruit fiber significantly increased the growth of S. boulardii in 

YNB broth, and 2.5% breadfruit fiber was the best concentration as S. boulardii had the highest 

growth, reaching 6.49 log CFU/mL. S. boulardii with 2.5% breadfruit fiber exhibited comparable 

growth to S. boulardii with 2% glucose (Figure 18).  

 
Figure 18 Growth of S. boulardii in YNB broth containing different concentrations of breadfruit 
fiber (n=3). Different letters denote values are significantly different at α = 0.05. 
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 As shown in Figure 19, all concentrations of tested prebiotics and glucose showed 

significant effects on the growth of L. rhamnosus in MRS broth. At 12 h, the level of S. boulardii 

with 1.0 to 4.0% breadfruit fiber reached 7.18 to 6.90 log CFU/mL. 1.0 to 3.0% breadfruit fiber 

treatments were not significantly different from 2% glucose. At 24 h, L. rhamnosus growth with 

breadfruit fiber ranged from 8.00 to 8.22 log CFU/mL. L. rhamnosus showed the highest growth 

in MRS broths with 2.0% to 3.0% breadfruit fiber (Figure 19). 

 

Figure 19 Growth of L. rhamnosus in MRS broth containing different concentrations of 
prebiotics (n=3). Different letters denote values are significantly different at α = 0.05. 
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 At 12 h of incubation, the prebiotics that helped L. acidophilus growth the most were 

2.0% inulin and 2.0% FOS, with viable counts of 7.42 log CFU/mL and 7.43 log CFU/mL, 

respectively (Figure 20). Breadfruit fiber also significantly improved the growth of L. 

acidophilus, with viable counts of approximately 6.00 log CFU/mL. At 24 h, the growth of L. 

acidophilus in MRS broth with inulin and FOS is comparable to glucose, reaching 7.99 log 

CFU/mL. Moreover, all tested concentrations of breadfruit fiber significantly improved the 

growth of L. acidophilus, compared to the negative control. The level of L. acidophilus with 

1.5% breadfruit fiber was up to 6.83 log CFU/mL (Figure 20). 

 

Figure 20 Growth of L. acidophilus in MRS broth containing different concentrations of 
prebiotics (n=3). Different letters denote values are significantly different at α = 0.05. 
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 The initial count of E. coli O57:H7 in M9 broth at 0 h was 4.87 log CFU/mL. At 12 h,  

inulin or glucose did not show a significant effect on the growth of E. coli O57:H7. At 24 h, 

inulin significantly increased the growth of E. coli O57:H7, with the level up to 6.48 log 

CFU/mL for 3.0% inulin treatment. However, E. coli O57:H7 showed the highest growth with 

2% glucose, reaching 9.02 log CFU/mL (Figure 21). 

 

Figure 21 Growth of E. coli O157:H7 in M9 broth containing different concentrations of inulin 
(n=3). Different letters denote values are significantly different at α = 0.05. 
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 As shown in Figure 22, FOS did not exhibit a significant effect on the growth of E. coli 

O57:H7, as the bacterial counts of all FOS treatments were not significantly different from that 

of the negative control. At 24 h, the count of E. coli O57:H7 in 2% glucose was 9.02 log 

CFU/mL, Significantly higher than those of any FOS treatments and the negative control. 

 
Figure 22 Growth of E. coli O157:H7 in M9 broth containing different concentrations of FOS 
(n=3). Different letters denote values are significantly different at α = 0.05. 
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 At 12 h, breadfruit fiber or glucose did not show a significant effect on the growth of E. 

coli O57:H7, compared to the negative control. At 24 h, E. coli O57:H7 grew significantly in M9 

broth with breadfruit fiber, reaching 6.70 log CFU/mL with 2.0% breadfruit fiber. However, the 

count of E. coli O57:H7 in M9 broth with 2% glucose was about 2.4 logs higher those of 

breadfruit fiber treatments (Figure 23).  

  
Figure 23 Growth of E. coli O157:H7 in M9 broth containing different concentrations of 
breadfruit fiber (n=3). Different letters denote values are significantly different at α = 0.05. 
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 With all the microbial growth data, prebiotic activity scores (PAS) were calculated for 

tested prebiotics of different concentrations. With S. boulardii, the PAS of inulin ranged from 

0.60 for 1.0% inulin to 0.95 for 4.0% inulin. The PAS was not significantly affected by the inulin 

concentration. The PAS of FOS were also not significantly different, ranging from 0.79 for 1.0% 

FOS to 1.28 for 1.5% FOS (Figure 24).  

 

Figure 24 Prebiotic activity scores of inulin and FOS with S. boulardii grown for 24 h (n=3). 
Different letters denote values are significantly different at α = 0.05. 
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 With S. boulardii and L. rhamnosus, the concentration of breadfruit fiber did not 

significantly affect its PAS. When paired with S. boulardii, the PAS of breadfruit fiber ranged 

from 0.20 to 0.41. with L. rhamnosus, 4% breadfruit fiber showed the highest PAS of 0.47, 

which was not significantly different from those of other breadfruit fiber concentrations, 2% 

inulin, or 2% FOS. Finally, with L. acidophilus the PAS of breadfruit fiber ranged from 0.10 to 

0.25.  The PAS of 2.0% inulin and 2.0% FOS were significantly higher than those of breadfruit 

fiber (Figure 25). 

 
Figure 25 Prebiotic activity scores of breadfruit fiber with S. boulardii, L. rhamnosus, and L. 
acidophilus grown for 24 h (n=3). Different letters denote values are significantly different at α 
= 0.05. 
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4.6 Simulated digestion of probiotic strains 

 The initial count of S. boulardii, before simulated digestion, was 6.28 log CFU/mL. At 15 

min of simulated digestion (the oral phase), the viable count of S. boulardii supplemented with 

the different carbohydrate sources and the negative control ranged from 6.26 to 6.30 log 

CFU/mL. At 2 h of simulated digestion (the gastric phase), the addition of prebiotics did not 

significantly affect the survival of S. boulardii (Figure 26).   

At 6 h of simulated digestion (the intestinal phase), inulin, FOS and breadfruit fiber did 

not show a significant effect, as their S. boulardii counts were not significantly higher than the 

negative control. At 12 h of simulated digestion, glucose and breadfruit fiber significantly 

increased the survival of S. boulardii, with a viable count of 5.48 log CFU/mL and 5.43 log 

CFU/mL, respectively. At 24 h of simulated digestion, the survival of S. boulardii was improved 

when supplemented with glucose and breadfruit fiber, with a viable count of 5.49 log CFU/mL 

and 5.30 log CFU/mL, respectively (Figure 26).   
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Figure 26 Survival of S. boulardii with 2.0% of prebiotics under simulated digestion at 37°C and 
150 rpm for 24 h (n=3). Different letters denote values are significantly different at α = 0.05. 
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fiber showed a higher viable count, 7.36 log CFU/mL, than both glucose and the negative control 

(Figure 27).  

  

 

Figure 27 Survival of L. rhamnosus with 2.0% of prebiotics under simulated digestion at 37°C 
and 150 rpm for 24 h (n=3). Different letters denote values are significantly different at α = 0.05. 
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Figure 28 Survival of L. acidophilus with 2.0% of prebiotics under simulated digestion at 37°C 
and 150 rpm for 24 h (n=3).  Different letters denote values are significantly different at α = 
0.05. 
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Chapter 5. Discussion 

Acid resistance of probiotic strains 

The acid resistance of S. boulardii is similar to the results of Hossain et al. (2020). Also, 

the acid resistance of tested LAB is comparable to the experiment performed by Hassanzadazar 

et al. (2012).  Acid resistance is important because probiotics must survive the high acidity of the 

stomach in high numbers to reach the intestine. Because the cell wall of S. boulardii is composed 

of chitin polymers that are covalently cross-linked to β-glucan networks, the cell wall integrity is 

stronger than bacteria. Bacterial cell wall is composed of peptidoglycans, which are made up of 

repeating units of the disaccharides N-acetyl glucosamine and N-actyl muramic acid. These acid 

components are cross-linked by pentapeptide side chains. L. acidophius and L. rhamnosus are 

gram positive bacteria that have a thicker cell wall, compared to gram negative bacteria. The 

peptidoglycan layers protect bacteria from harsh environmental conditions (Silhavy et al., 2010). 

The strong acid resistance of S. boulardii suggests that a high percentage of this yeast can reach 

the intestine and provide health benefits to the host.  

Azcarate-Peril et al. (2004) found high acid resistance of L. acidophilus and found genes 

that is associated with acid tolerance via amino acid decarboxylation. 

 Overall, the addition of breadfruit fiber to the acidified MRS broth increased the 

survivability of both Lactobacillus species at 1 h and 2 h. The high acid resistance of L. 

acidophilus can be attributed to the induction of its acid shock genes, proton pumps, and proteins 

that repair damaged cell components, expression of regulators that promote stress responses, and 

changes in cell envelope due to stress (Azcarate-Peril et al., 2004). L. acidophilus produces 

higher levels of lactic acids, so it has developed more acid resistant mechanisms than other 

Lactobacillus species.  
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Bile resistance of probiotic strains 

 

Bile salt tolerance is important for the survival probiotics as probiotics pass through the 

small intestine . Results of bile resistance of L. acidophius and L. rhamnosus are similar to Chou 

& Weimeret et al. (1999) and Succi et al. (2005). There are no significant differences between 

the concentrations of used prebiotics and the negative control for all probiotics in this study. This 

shows that these probiotics are highly resistant to bile salt, and prebiotics do not enhance their 

survival in bile salt.  

Bile salt resistance amongst all probiotics implies high BSH activity. BSH catalyzes the 

hydrolysis of glycine and taurine conjugated bile salts to create free amino acids and bile acids. 

The optimum pH for BSH is 4.5 to 6.0, which reflects the acclimation of BSH in the duodenum 

(Foley et al., 2019). BSH is critical for probiotic survival due to its detoxification of bile acids 

that lyse probiotics. While bile salt alone did not show any significant inhibition against the 

probiotics, the intestinal fluid contains other components, such as lysozyme, that may exhibit a 

synergistic effect with bile salt to reduce the survival of probiotics.  

Corzo & Gilliland (1999) and Horackova et al. (2020) found high BSH activity in 

multiple L. acidophilus strains. Moreover, ElHennawy et al. (1994) found S. boulardii was 

unable to hydrolyse bile acid in vitro, which indicates the lack of BSH activity for S. boulardii. 

The survival of S. boulardii in bile salt is theorized by its strong cell wall integrity that protects 

the yeast from acids found in bile salt.  

 

Biofilm formation of microbial strains 



55 
 

Biofilm formation involves the production of extracellular polymeric substances (EPSs) 

consisting mainly of polysaccharides (Costa et al., 2018). Digesting probiotics increases the 

metabolic processes of probiotics to produce polysaccharides essential for biofilm formation. 

Probiotics are constantly being passed through the colon and out of the host; to mitigate the 

passing of probiotics out of the colon, biofilm formation is important. Biofilm is important for 

probiotics to attach on the gut epithelium to survive and colonize the colon. The longer 

probiotics persist in the colon, the more opportunities probiotics will have to induce health 

benefits to the host.  

Figure 12 shows the optimum concentration of inulin, FOS, and breadfruit fiber is 1.0%, 

1.0%, and 2.0%, respectively, for S. boulardii to form biofilms. For the effects of FOS, all tested 

concentrations showed significant differences compared to the negative control. There is no 

significant difference observed between the negative control and inulin at concentrations of 

3.0%, 3.5%, and 4.0%. Similar to the survival of probiotics in low pH, higher concentrations of 

prebiotics might have inhibited the metabolic processes of biofilm production due to osmotic 

stress. Higher osmotic pressure due to the addition of ions in mediums containing species of 

Streptococcus mutans and Vibrio cholerae reduces biofilm (C. Liu et al., 2013; J. Yan et al., 

2017).  Moreover, although glucose is the primary carbohydrate source for microorganisms, 

biofilm formation is significantly higher when S. boulardii is supplemented with prebiotics 

compared to glucose (Figure 12). Studies have shown addition of glucose, including a 

concentration of 2%, inhibited biofilm formation of S. cerevisiae. Glucose lowered the levels of 

Cyc8p and Tup1p, proteins that are important for cell adhesion. S. cerevisiae cells grown in 

glucose-free broth exhibited higher biofilm formation than cells grown in 2% glucose (Van 

Nguyen et al., 2020).  
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Figure 15 shows E. coli O157:H7 forms more biofilm at 2.5% of FOS compared to 

glucose. The addition of inulin and breadfruit fiber showed no significant difference compared to 

the negative control and glucose on the biofilm formation of E. coli O157:H7. It has also been 

reported addition of glucose inhibits biofilm formation of some E. coli strains, varying from 30% 

to 90% in reduction. It is displayed that the addition of glucose may inhibit the expression of 

certain genes essential for biofilm formation in E. coli (Jackson et al., 2002). Moreover, Stefania 

et al. (2017) found that the supernatant of L. acidophilus reduced the biofilm production of E. 

coli. This finding suggests that although biofilm formation is higher in E. coli O157:H7 than L. 

acidophilus in this study, the addition of L. acidophilus and prebiotics to the large intestine may 

lower the biofilm formation of E. coli O157:H7.  

The addition of inulin and FOS showed no significant effect on the biofilm formation of 

L. rhamnosus (Figure 13). Breadfruit fiber of 3% to 4% significantly increased the biofilm 

formation of L. rhamnosus, compared to inulin and FOS. The glucose treatment yielded the 

highest biofilm formation L. rhamnosus. This does not agree with the results of Lebeer et al. 

(2007), in which the presence of glucose inhibited biofilm formation by certain L. rhamnosus 

strains. It is likely that the L. rhamnosus strain used in this study used certain biofilm genes that 

are not inhibited by glucose.  

 

Determination of prebiotic activity score  

Figures 16-23 show glucose resulted in the highest growth whereas the negative control 

had the lowest growth for all tested microorganisms. This is expected because glucose is the 

primary carbon source for microorganisms to use and the negative control contains no carbon 

source. The diversity of metabolic activities of LAB results in a range PAS on various prebiotics. 
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The addition of inulin and FOS increased the count of S. boulardii by approximately 2.5 logs 

after 24 h of incubation.  This is similar to the findings made by Mitterdorfer et al. (2001). The 

addition of breadfruit fiber caused a 2-log increase in the yeast count by the end of incubation. At 

12 h, 1.0% and 1.5% of breadfruit fiber were not significantly different from the negative 

control.  At 24 h, glucose and 2.5% of breadfruit fiber showed no significant difference and 

yielded yeast counts higher than the negative control.  This suggests that 2.5 % of breadfruit fiber 

is just as good of a carbon source as glucose for S. boulardii.    

Unlike this current study, the growth rate of Saccharomyces strains with FOS was 

reported to be much greater than with inulin (Mitterdorfer et al., 2001). It is expected that 

probiotics would exhibit more rapid growth with FOS than inulin due to the shorter chains of 

oligosaccharides in FOS. However, prebiotics used by Mitterdorfer et al. (2001) were not pure, 

as they contained traces of glucose, fructose, and sucrose. Moreover, varying degrees of 

oligosaccharide chain length may affect the rate of fermentation, as shorter chain length of 

prebiotic yields more rapid fermentation rate (Stewart et al., 2008). 

 The growth of L. rhamnosus and L. acidophius supplemented with FOS agrees with 

Zeaiter et al. (2019). For L. rhamnosus, breadfruit fiber treatments at 2.0%, 2.5%, and 3.0% 

result in higher growth at 24 h than the negative control and FOS, which is an established 

prebiotic (Figure 19). FOS hydrolysis by certain LAB is presumably due to a β-

fructofuranosidase (Kaplan & Hutkins, 2003). Figure 20 shows L. acidophilus does not grow 

better with breadfruit fiber than with FOS or inulin. However, L. acidophilus shows a higher 

growth with breadfruit fiber compared to the negative control and glucose at 12 h. A study 

conducted by Yang et al. ( 2018) showed FOS had no significant effect on the growth of L. 

rhamnosus and L. acidophilus at 37°C for 24 h. On the contrary, L. rhamnosus and L. 
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acidophilus showed significant growth, compared to the negative control, due to different strains 

used by Yang et al. ( 2018) that show different fermentation rates to FOS. 

With S. boulardii, there is no significant difference in the PAS of inulin and FOS of 

different concentrations (Figure 24). However, inulin and FOS exhibit higher PAS than 

breadfruit fiber. The PAS of breadfruit fiber is approximately 0.4 for S. boulardii and L. 

rhamnosus, and approximately 0.2 for L. acidophilus, which is similar to the values from 

Huebner et al. (2007) for L. acidophilus with inulin and FOS. For both L. acidophilus and L. 

rhamnosus, there is no significant difference in PAS between concentration of breadfruit fiber. 

With S. boulardii, inulin and FOS have higher PAS than breadfruit fiber, as Saccharromyces 

species produces inulinase and fructofuranosidase to ferment inulin and FOS, respectively (van 

Wyk et al., 2013; Zhang et al., 2016). There is little evidence on enzymatic hydrolysis of 

resistant starch, however, resistant starch has been hydrolyzed using mild acid treatment (Mun & 

Shin, 2006); S. boulardii and LAB produce acetic acid and lactic acid, respectively (Pais et al., 

2020; Vieco-Saiz et al., 2019) that may aid in the hydrolysis of resistant starches.  Moreover, it is 

more difficult for resistant starch to be classified as a prebiotic because it must selectively 

stimulate the growth and/or activities of probiotics but not pathogens.  

Figures 21 to 23 show E. coli O157:H7 exhibits the highest growth in glucose, 

comparison to the tested prebiotics. A high prebiotic activity score indicates a low growth of E. 

coli O157:H7 on the prebiotic (Markowiak & Śliżewska, 2017). Breadfruit fiber was able to 

increase the count of E. coli O157:H7 more than inulin or FOS did, therefore, lowering its PAS. 

It is predicted that if probiotics and E. coli O157:H7 are fermented for 48 h, the PAS of inulin, 

FOS, and breadfruit fiber would increase because the rate of growth of probiotics with prebiotics 

is greater than E. coli O157:H7 with prebiotics.  
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Table 2: Summary of optimum prebiotic concentrations for S. boulardii, L. rhamnosus, and 
L. acidophilus 

 S. boulardii L. rhamnosus L. acidophilus 

Acid resistance 

Inulin: 1.0% and 3.5% 

FOS: 1.0 to 4.0% 

Breadfruit fiber: 1.5% and 

3.5% 

Breadfruit fiber: 2.5% and 

3.0% 
Breadfruit fiber: 3.5% 

Bile resistance N/A N/A N/A 

Biofilm 

formation 

Inulin: 1.0% to 2.0% 

FOS: 1.0, 1.5%, and 2.5% 

Breadfruit fiber: 1.0%, 

2.0%, and 2.5% 

Breadfruit fiber: 4.0% N/A 

Growth  

Inulin: 1.0% to 4.0% 

FOS: 1.0 to 4.0% 

Breadfruit fiber: 1.0% to 

4.0% 

Breadfruit fiber: 2.0% and 

2.5% 

Breadfruit fiber: 1.0% to 

4.0% 

Prebiotic activity 

score 

Inulin: 1.0% to 4.0% 

FOS: 1.0% to 4.0% 

Breadfruit fiber: 1.0 to 

4.0% 

Breadfruit fiber: 1.0% to 

4.0% 

Breadfruit fiber: 1.0% to 

4.0% 

Optimum concentration is defined as the prebiotic concentration that allowed for the greatest 
growth/survival of probiotics for the given assessment. 
 

Simulated digestion of probiotic strains 

Figure 26 shows that at 24 h, S. boulardii supplemented with glucose exhibits the highest 

survival at 5.49 log CFU/mL. This probiotic yeast has lower survival with the negative control, 

inulin, and FOS at 4.93 log CFU/mL, 4.98 log CFU/mL, and 4.89 log CFU/mL, respectively. It 

is expected that S. boulardii with glucose would show the highest survival rate because glucose 
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is the main carbon source that S. boulardii will utilize. However, glucose is absorbed in the small 

intestine and foods can spend between two to six hours in the small intestine (Chen et al., 2016). 

It is theorized that simulated digestion overestimates the microbial count when it is 

supplemented with glucose. However, it shows a more accurate comparison of prebiotics and 

negative control, as S. boulardii supplemented with breadfruit fiber shows a significantly higher 

survival rate than the negative control, inulin, and FOS at 24 h. There is no significant difference 

in the survival of S. boulardii in the stomach and mouth phases among the treatments. From 6 h 

to 24 h (during the intestinal phase), there was less than 1 log CFU/mLwhich is in line with its 

bile resistance, as the intestine fluid is composed of bile salts.  

 At 24 h, L. rhamnosus and L. acidophilus show the highest survival with breadfruit fiber 

at 7.36 log CFU/mL and 7.46 log CFU/mL, respectively. Although glucose is the main carbon 

source bacteria use, these LAB supplemented with glucose show a significantly lower survival 

compared to breadfruit fiber. The digestion fluid supplemented with breadfruit fiber was more 

viscous than the digestion fluids with negative control and glucose, so the food matrices of 

breadfruit fiber may provide a protective effect on probiotics against environmental stresses. The 

Survival of L. rhamnosus and L. acidophilus in negative control treatment is comparable to 

(Vamanu, 2017) and (Bedani et al., 2013), respectively, as less than half the probiotics survived 

during digestion.  

There are various limitations to simulated digestion of probiotics and prebiotics. During 

in vivo digestion, the major function of the small intestine is the absorption of nutrients, 

including monosaccharides, into the bloodstream. In theory, there would be limited (if any) 

monosaccharide that would travel from the small intestine into the colon (at the end of the 

digestion phase) (Goodman, 2010). During in vitro digestion, there is no mechanism to absorb 
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glucose (the positive control), therefore, probiotics potentially metabolize glucose during the end 

of the digestion phase. This results in a higher probiotic yield in the colon phase compared to in 

vivo digestion.  Moreover, as food passes through the colon, water is absorbed. The liquid used 

in simulated digested would be more viscous than in vivo digestion which would cause microbial 

adhesion and survival to be more difficult in simulated digestion because the viscosity of the 

substrate is essential in the adhesion of microorganisms (Valentin et al., 2019). 
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Chapter 6. Conclusion 

This study demonstrates the potential of breadfruit fiber as a prebiotic for S. boulardii, L. 

rhamnosus and L. acidophilus and the potential of FOS and inulin to be used as a prebiotic for S. 

boulardii. The acid survival of probiotics was influenced by the carbon source present in the 

environment, as 2.5% and 3.0% breadfruit fiber increased the survival of L. rhamnosus in 

acidified broth at 1 h. The survival of L. acidophilus was increased in acidified broth with 3.5% 

breadfruit fiber at 2 h. S. boulardii showed a high tolerance to acid, so future studies may involve 

optimizing the growth of S. boulardii in high acid environments. Tested probiotics also exhibited 

high tolerance to bile salts, which suggests BSH activity and/or bile salt tolerance in S. boulardii 

and the LAB. Moreover, biofilm formation of S. boulardii was most effective with 1.0% to 1.5% 

inulin, 1.0% FOS, and 2.0% breadfruit fiber. The addition of 4.0% breadfruit fiber increased the 

biofilm formation of L. rhamnosus. The PAS of inulin and FOS with S. boulardii was 

approximately 0.8, revealing the potential of inulin and FOS to be used as a prebiotic for S. 

boulardii. Moreover, the PAS of breadfruit fiber was 0.3, 0.4, and 0.2 for S. boulardii, L. 

rhamnosus, and L. acidophilus, respectively. This result suggests that these probiotics have a 

positive response to breadfruit fiber, highlighting its potential to be a prebiotic. Breadfruit fiber 

also helped the tested probiotics survive simulated digestion. At 24 h, the addition of breadfruit 

fiber increased the survival of S. boulardii, L. rhamnosus and L. acidophilus by 0.37, 5.45, and 

5.59 log CFU/mL, respectively, compared to the negative control.  

 Future studies include using fiber from other food sources that are native to the pacific, 

such as taro. Taro could be a potential functional food, like breadfruit, that can also be 

supplemented with probiotics. Secondly, sensory test should be done when developing foods that 

contain both breadfruit and probiotics to evaluate consumer acceptance and preference to 
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synbiotic foods. Lastly, in vivo test for digestion is recommended to overcome the limitations 

involved during simulated digestion and improve accuracy in assessing the viability of probiotics 

when supplemented with prebiotics. 
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