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ABSTRACT 

Prebiotics are defined as non-digestible oligosaccharides (NDOs) or polysaccharides 

(NDPs), which promote the growth of beneficial lactic acid bacteria in the colon. Algae are 

rich in polysaccharides and can be exploited as prebiotics for functional food ingredients 

to improve human and animal health. Currently, inulin is the most widely used ingredient 

in the prebiotics market, which is produced from live plants and requires expensive 

production processing. There is a vast repository of marine life with algae as a major 

source of nutrients. Therefore, this study provides an alternative source for prebiotic 

production and examines marine and freshwater algae that promote the growth of two 

strains of Lactobacillus delbrueckii subs. (Lactobacillus lactis and Lactobacillus 

bulgaricus) and one strain of Bifidobacterium spp. (Bifidobacterium longum). 

Monosaccharides of the oligosaccharide fraction of marine and freshwater algal extracts 

were investigated with the use of thin layer chromatography (TLC) and high performance 

liquid chromatography (HPLC) after acidic hydrolysis of cell matrix polysaccharides. 

 

A total of fifty-five marine and freshwater aqueous algal extracts were assessed for their 

effect on the growth of L. lactis, B. longum and L. bulgaricus over a 96 hour period. 

Relative to the negative control, 34.5% algal extracts showed improved growth on one or 

more probiotic bacteria. The optimum time for maximum bacterial growth was noted at 48 

h for all the tested aqueous algal extracts. Five marine and freshwater algal cultures 

(Spirulina platensis, Chlorococcum spp., Dunaliella salina, Scenedesmus magnus, 

Chlorella spp. and algal extract no. 48) from various aquatic environments in Kwa-Zulu 

Natal showed the best growth dynamics and demonstrated the greatest potential as 

sources of biomass for prebiotic production. These algal extracts were able to significantly 

increase the growth of at least one of the three probiotic bacteria (p < 0.05). Aqueous 

algal extract from S. platensis was regarded as the best algal source for prebiotics as it 

demonstrated a greater stimulatory effect on the growth of all three probiotic bacteria (L. 



 

 ix 

lactis, B. longum and L. bulgaricus) compared to tested aqueous algal extracts and the 

inulin used as a positive control. The results obtained by HPLC for characterization 

confirmed TLC data, as xylose and galactose were detected by both chromatograms. 

These data indicated that xylose and galactose were present in aqueous algal extracts 

from S. magnus and S. platensis and galactose in aqueous algal extract no. 48. Xylose 

was most abundant in aqueous algal extracts from S. platensis (3mg/ml) and S. magnus 

(2.3mg/ml). In conclusion aqueous algal extracts from S. platensis, Chlorococcum, D. 

salina, S. magnus, Chlorella and algal extract no. 48 are potential sources for prebiotic 

production. Spirulina platensis extract was regarded as the best algal source. Xyose and 

galactose characterized by HPLC in algal extracts make up oligosaccharides that function 

as prebiotic compounds for stimulation of probiotic bacteria. There is a great scope for 

successful production of prebiotics from algal sources in South Africa.  

Key words: Algae, Polysaccharides, Non-digestible oligosaccharides, Prebiotics, 

Probiotics 
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1. INTRODUCTION 

Microalgae have been identified as a potentially viable feedstock for the biological 

production of transportation biofuels (Brennan et al., 2010; Greenwell et al., 2010; Wijffels 

and Barbosa, 2010). Although lipids are considered the most valuable components of 

algal biomass in the context of a biofuels process (Griffiths and Harrison, 2009; Laurens et 

al., 2012; McNichol et al., 2012), other biomass components such as proteins and 

carbohydrates also make up a large fraction of the biomass. Characterization of 

microalgal carbohydrates is currently one of the major barriers to the detailed 

compositional analysis of algae (Laurens et al., 2012). Algal carbohydrates exist as 

oligosaccharides or polysaccharides in algal biomass and require a hydrolysis (acid or 

alkaline) procedure to break up the polymers into their monomeric constituents. The term 

‘carbohydrates’ refers to both monomers and polymers of sugars and sugar derivatives 

such as uronic acids and amino sugars. Polymers can have widely varying molecular 

weights depending on the degree of polymerization (Sluiter et al., 2010).  

 

The marine environment offers a tremendous biodiversity and original polysaccharides 

that have been discovered presenting a great chemical diversity that is largely species 

specific. Marine polysaccharides present an enormous variety of structures which are still 

exploited and should therefore be considered as an extraordinary source of prebiotics 

(Senni et al., 2011). Polysaccharides of algal origin such as alginates, laminarins, fucans 

and their derivatives have prebiotic potential that have been used for decades to enhance 

animal and human health (O’Sullivan et al., 2010). Prebiotic oligosaccharides are defined 

as non-digestible oligosaccharides (NDOs) and polysaccharides (NDPs), which promote 

the growth of beneficial lactic acid bacteria in the colon (Roberfroid, 2007). There exists 

an array of prebiotics from various origins with different chemical properties that have 

been reviewed and classified based on a set of common criteria i.e., (i) resistance to 
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gastric acidity; (ii) hydrolysis by mammalian enzymes; and (iii) selective stimulation of 

growth, and/or activity of intestinal bacteria (Sridevi et al., 2014). 

 

The ultimate aim of supplementation of the human diet with prebiotics is beneficial 

management of the gut microbiota (Kolida et al., 2002). The probiotic- and prebiotic-

containing product market is a fast growing industry worldwide and the list of available 

products increases on a daily basis (Stanton, et al, 2001). In South Africa, the probiotic 

and prebiotic market is dominated by dairy products, although fortified cereals, especially 

baby cereals, and supplements also seem to be growing markets (Brink et al., 2005). The 

range of products on the South African market includes probiotic and prebiotic 

supplements (capsules) and fortified food items and as well as fermented foods containing 

probiotics. Inulin and fructooligosaccharides (FOS) are manufactured by ORAFTI in 

Belgium and distributed in South Africa by SAVANNAH Fine Chemicals. The range 

includes Raftiline®GR (inulin), Raftilose®L95 (Oligofructose) and Raftilose®Synergy1 

(combination of inulin and oligofructose) (Brink et al., 2005).  

 

The production of prebiotics at industrial scale faces several challenges, including the use 

of novel techniques and economical sources, and the low-cost production. Most 

oligosaccharides with prebiotic status are normally obtained by enzymatic treatment of 

cheap raw materials such as sucrose, lactose and plant derivatives (Figueroa‐González et 

al., 2011). The amount and nature of oligosaccharides formed depend upon several 

factors such as the enzyme source, the concentration and nature of the substrate and the 

reaction conditions. Nevertheless, the current processes used to obtain oligosaccharides 

have very low yields, thus increasing the production cost (Panesar et al., 2006). 

Therefore, this study provides an alternative source for prebiotics from marine and 

freshwater algae that promote the growth of Lactobacillus and Bifidobacterium spp. which 

are the widely studied probiotic strains of lactic acid bacteria. Bifidobacteria and 
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Lactobacilli have been attributed to beneficial aspects such as modification of the 

intestinal microbiota and stimulation of the immune response, thereby promoting non-

specific host resistance to microbial pathogens (Rubel et al., 2014). Methods for isolation 

of algal polysaccharides are rather labour intensive and time consuming (Girod et al., 

2002; Maksimova et al., 2004 and Pugh et al., 2001). This work also includes conditions 

for extracting polysaccharides from algal biomass to improve polysaccharide yield and 

shorten procedure time, providing a feasible method for polysaccharide extraction. 

 

1.1. Aim and objectives 

1.1.1. Aim  

The aim of this study was to investigate prebiotic oligosaccharides from marine and 

freshwater microalgae that may offer potential for use as prebiotics.  

1.1.2. Objectives 

1) To obtain aqueous extracts from marine and freshwater algal species 

2) To screen marine and freshwater algal aqueous extracts for prebiotic activity at 

different time intervals 

3) To evaluate the prebiotic effect of selected aqueous algal extracts based on the 

ability to improve growth of Lactobacillus delbrueckii subsp. lactis, Lactobacillus 

delbrueckii subsp. bulgaricus and Bifidobacterium longum 

4) To characterize the selected aqueous algal extracts for oligosaccharides using 

TLC and HPLC 
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2. LITERATURE REVIEW 

The concept of probiotics and prebiotics continues to expand. Current global research 

efforts have significantly contributed to the understanding of the role of gastrointestinal 

tract (GIT) commensal organisms on its extraordinary symbiotic relationship with humans. 

Continued studies into the microbiota will no doubt help lead to an improved insight into 

the impact of probiotics and prebiotics on human health. Probiotics are designed to 

provide added functions that can compensate for, substitute for, or add to the gut 

microbiota, and therefore impact the host directly or indirectly through “cross-talk” with the 

gut microbiota and/or the host. While prebiotics are designed to improve the intrinsic 

microbiota by selectively stimulating those groups that are thought important for eubiosis 

(Al-Sheraji et al., 2013, Hemarajata and Versalovic, 2012). Eubiosis is a state where the 

host and microflora live together in symbiosis, meaning, with mutual benefit. Accordingly 

the host provides good living conditions and in exchange, the intestinal microflora, when in 

the state of eubiosis, supports the host with essential activities (Mohnl, 2015).  

 

Research over past decades has demonstrated potential health benefits of dietary 

probiotics and prebiotics and contributed to our understanding of the mechanisms by 

which these benefits derived. The most commonly reported impact of probiotics and 

prebiotics is on intestinal function, including transit time, antibiotic-associated diarrhea and 

infectious diarrhea. Evidence continues to emerge that probiotics and prebiotics have an 

influence on the immune system that may thereby, enhance resistance to infections. This 

is particularly within the GIT or respiratory tract where they help to mitigate allergies, 

predominantly in infants and young children. (Isolauri et al., 2001, Gerritsen et al., 2011).  

2.1. Prebiotic oligosaccharides 

Prebiotics are short-chain carbohydrates (SCCs) that are non-digestible by digestive 

enzymes in humans referred to as resistant SCCs. They are also referred to as non-
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digestible oligosaccharides with a degree of polymerization (DP) of two or more, which are 

soluble in 80% ethanol and are not susceptible to digestion by pancreatic and brush 

border enzymes (Al-Sheraji et al., 2013). They beneficially affect the host by selectively 

stimulating the growth and activity of one or a limited number of bacteria in the colon 

called probiotics, usually Bifidobacteria and Lactobacilli. In the intestine, prebiotics are 

fermented by beneficial bacteria to produce short-chain fatty acids such acetic acid, 

propionic acid and butyric acid, which are used by the host organism as an energy source 

and that improve health (Roberfroid, 2007). Most non-digestible oligosaccharides (NDOs) 

contain three to ten sugar moieties (Van Laere, 2000), although the DP could go up to 

sixty for some NDOs, like chicory inulin or down to two like lactulose (Tanabe et al., 2014). 

Various health benefits conferred by the activity of prebiotics in the large intestine include 

reduction of cancer risk and increase calcium and magnesium absorption. They are found 

in several vegetables and fruits, and are being used in the food industry as functional food 

ingredients (de Sousa et al., 2011). Some of the applications of prebiotics in food and 

health industry are illustrated in Figure 1.  

 

 

 

 

 

 

 

 

 

 

Figure 1: Prebiotic applications in food and health industry (Patel and Goyal, 2012) 
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Prebiotics can be manufactured using three different methods. They are obtained either 

by extraction from plants, for example, inulin (extracted from chicory), by enzymatic 

hydrolysis of plant polysaccharides, for example, XOS (produced by enzymatic hydrolysis 

of xylans from cereal grains), and by transgalactosylation reactions catalysed by an 

enzyme, using either a mono-saccharide or a di-saccharide as the substrate, for example, 

GOS (produced from lactose using β-galactosidase as the biocatalyst) 

(Charalampopoulos and Rastall, 2012). 

 

Only non-digested carbohydrate molecules, a range of di-oligo- and polysaccharides, 

resistant starches and sugar polyols have been claimed to have prebiotic properties 

(Cummings et al., 2001). According to Sridevi et al. (2014), a non-digestible carbohydrate 

can be considered as a prebiotic if the following criteria are met; i) It must be capable of 

passing through the small intestine without being absorbed or digested in the upper part 

of the GIT, ii) It must be capable of being digested in the large intestine by beneficial 

bacteria such as Lactobacillus and Bifidobacterium and able to enhance the growth of 

these beneficial bacteria; iii) The digestion and utilization of this compound by the gut 

microflora should have a positive effect on human health by improving the absorption of 

Ca, Mg, and Fe; (iv) It must able to prevent cancer and destroy any pathogens in the large 

intestines. 

 

Prebiotic oligosaccharides used for the promotion of growth of beneficial bacteria are 

called bifidogenic oligosaccharides. These include fructooligosaccharides (FOS), inulin, 

glucooligosaccharides and other long chain oligosaccharides polymers of fructose and/or 

glucose, trisaccharide and raffinose (Mussatto and Mancilha, 2007). In the GIT, they pass 

through the small intestine to the lower gut and become accessible to probiotic bacteria 

without being utilized by other intestinal bacteria and they also increase the level of 

nutrient supplementation and enhance nutrient solubility. The bifidogenic oligosaccharides 
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are metabolized exclusively by the indigenous Bifidobacteria and Lactobacillus and not by 

detrimental microorganisms such as Clostridia, Staphylococcus, Salmonella and 

Escherichia coli (Thantsha, 2007). The use of bifidogenic oligosaccharides together with 

lactic acid bacteria allows beneficial, probiotic bacteria to grow and out-compete any 

undesirable, pathogenic microorganisms within the GIT (Sullivan and Nord, 2002). 

 

2.2. Properties of prebiotic oligosaccharides 

Carbohydrates are classified according to their molecular size or degree of polymerization 

(number of monosaccharide units combined), into monosaccharides, oligosaccharides 

and polysaccharides (Foschia et al., 2013). The prebiotic properties of carbohydrates are 

likely to be influenced by monosaccharide composition, glycosidic linkage which is a 

crucial factor in determining both selectivity of fermentation and digestibility in the small 

intestine and lastly, molecular weight (Gibson, 2004). Currently, all known and suspected 

prebiotics are carbohydrate compounds, primarily oligosaccharides, known to resist 

digestion in the small intestine that reach the colon where they are fermented by the gut 

microflora (Slavin, 2013). Studies have provided evidence that inulin and oligofructose 

(OF), lactulose, and resistant starch (RS) meet all aspects of the definition, including the 

stimulation of Bifidobacterium, a beneficial bacterial genus. Other isolated carbohydrates 

and carbohydrate containing foods, including galactooligosaccharides (GOS), 

transgalactooligosaccharides (TOS), polydextrose, wheat dextrin, acacia gum, psyllium, 

banana, whole grain wheat, and whole grain corn also exhibit prebiotic effects (Slavin, 

2013). 

 

2.3. Fermentability and non-digestibility of prebiotic oligosaccharides  

The concept of non-digestible oligosaccharide originates from the observation that the 

anomeric carbon atom (C1 or C2) of the monosaccharide units of some dietary 

oligosaccharide has a configuration that makes their glycosidic bonds non-digestible 
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during hydrolytic activity of human digestive enzymes (Boler and Fahey Jr, 2012). The 

indigestibility of NDOs either results from the configuration of the glycosidic bond between 

monomeric sugar units or the substrate selectivity of gastrointestinal digestive enzymes. 

Most NDOs have a β-configuration and cannot be degraded by human gastrointestinal 

digestive enzymes, which are specific for α-glycosidic bonds. The β-galactosidase 

enzyme, localized at the brush border membrane of the small intestine, has the potential 

to degrade β-galactooligosaccharides. However, degradation of NDOs with α-glycosidic 

bonds or β-galactooligosaccharides by the above mentioned gastrointestinal digestive 

enzymes is low because the enzymes usually have weak activities and/or show other 

substrate selectivity (Mussatto and Mancilha, 2007). 

 

Fermentation involves a variety of reactions and metabolic processes involved in the 

anaerobic microbial breakdown of organic matter, yielding metabolizable energy for 

microbial growth and maintenance as well as use of other metabolic end products by the 

host (Topping and Clifton, 2001). Non-digestible oligosaccharides, which are water 

soluble, are highly likely to be fermented in the colon. Their utilization is mediated by 

hydrolytic enzymes of colon bacteria (Voragen, 1998). Any carbohydrate that reaches the 

cecum is a potential substrate for fermentation by the probiotic bacteria, producing short 

chain fatty acids (Al-Sheraji et al., 2013). Short chain fatty acids (SCFAs) are organic fatty 

acids with 1 to 6 carbon atoms and are the principal anions, which arise from bacterial 

fermentation of polysaccharides, oligosaccharides, proteins, peptide, and glycoprotein 

precursors in the colon (Ganapathy et al., 2013). There is data from both in vitro and in 

vivo experiments on fermentation of carbohydrates by bacteria of the large intestine. In  

vitro experimental studies indicate that several SCFAs enhance bacterial survival and 

activity (Al-Sheraji et al., 2013).  
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Cummings et al. (2001) found that the fermentation of oligosaccharides by different strains 

of Bifidobacterium, Clostridium and Lactobacillus is based on the structure of the 

oligosaccharide that could either be linear or branched. Linear oligosaccharides 

breakdown to a larger extent than those with branched structures and Bifidobacteria use 

low degrees of polymerised carbohydrates first whereas, Bacteroides utilise 

carbohydrates with a high degree of polymerization. 

 

2.4. Direct blocking of pathogenic intestinal microbes 

The ability of NDOs to inhibit pathogen binding to the surface of epithelial cells has 

attracted considerable interest for more than 20 years (Quintero-Villegas et al., 2013). 

Pathogens such as Salmonella, Shigella, Yersinia enterocolitica, Campylobacter jejuni, 

Escherichia coli, Vibrio cholera and Clostridium perfringens are bacteria that are capable 

of causing diseases, colonise and grow within the GIT, invade the host tissues and 

excrete toxins. These toxins disrupt the function of the intestinal mucosa, causing nausea, 

vomiting and diarrhoea (Cummings and Macfarlane, 2002; Jain et al., 2014; Wittke et al., 

2014). Bacterial adherence to host cell surfaces is the first, and in many cases, the most 

critical step in bacterial pathogenesis (Boyle and Finlay, 2003). Many short chain 

oligosaccharides can exert a direct anti-microbial effect, as they act as blocking factors by 

dislodging the adherent pathogen by adhering to the binding sites of the bacteria on the 

enterocyte surface (Gourbeyre, 2011). 

Adherence is the mechanism by which bacteria can avoid the host’s natural displacement 

mechanisms (peristalsis, acid excretion, flux) (Quintero-Villegas et al., 2013). In a study 

curried out by Hopkins and Macfarlane (2003), GOS and FOS were able to stimulate 

bifidobacterial growth, with concomitant reduction in C. difficile population.  
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2.5. Types and sources of prebiotic oligosaccharides  

2.5.1. Prebiotic oligosaccharides from plants 

A literature search from 2013 to date reveals the presence of prebiotic oligosaccharides in 

some food crops with vegetable, root and tuber crops being the predominant sources. 

Natural sources of oligosaccharides exist, e.g. galactooligosaccharides in breast milk, 

fructans in onion (Alliumcepa), leeks (Allium porrum), garlic (Allium sativum) and 

stachyose (soybean). Table 1 provides a list of several types of prebiotics including 

oligomers with their sources that are best recognised (e.g. FOS, inulin, and GOS from 

plants) and the emerging prebiotics (IMO, XOS, and lactitol) (Al-Sheraji et al., 2013). In 

addition, the raffinose family of oligosaccharides and resistant starch (the type that is not 

absorbed in the GIT) have also been recognized as prebiotic carbohydrates because 

these are not absorbed in the intestine but promote the growth of beneficial bacteria in the 

gut (Van den Ende, 2013). A review of these prebiotics listed is provided subsequently in 

this chapter. 

 

Table 1: Several types of prebiotics and their sources 

Prebiotic Sources  References 

Fructooligosaccharides 

 

Asparagus, sugar beet, 

garlic, chicory, onion, 

Jerusalem artichoke, 

wheat, honey, banana, 

barley, tomato and rye 

 

(Sridevi et al., 2014) 

Xylooligosaccharides Bamboo shoots, fruits, 

vegetables, milk, honey 

and wheat bran 

(Panesar et al., 2013) 

Galactooligosaccharides Human’s milk and cow’s 

milk 

(Torres et al., 2010) 

Cyclodextrins Water-soluble glucans  (Al-Sheraji et al., 2013) 

Raffinose oligosaccharides Seeds of legumes, lentils, 

peas, beans, 

chickpeas, mallow 

composite, and mustard 

(ElSayed et al., 2014) 

Lactulose  Lactose (Milk) (Awad et al., 2014) 

Palatinose Sucrose (Al-Sheraji et al., 2013) 

Isomaltooligosaccharides  Honey, sugarcane juice  (Barea-Alvarez et al., 2014) 
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2.5.1.1. Inulin 

Inulin (Figure 2) is a linear fructan, which is a plant reserve polysaccharide constituted by 

fructose molecules linked by β(2→1) bonds, with a terminal glucose unit linked by an α 

(1→2) bond with a DP typically ranges from 2 to 60 units (Rubel et al., 2014). Since inulin 

is a fructan type of prebiotics, it is resistant to digestion and absorption in the human small 

intestine, and reaches the colon, where it is selectively fermented by beneficial bacteria, 

such as Lactobacillus and Bifidobacteria (Peshev and Van den Ende, 2014). The inability 

of the human digestive system to hydrolyze fructans is due to our lack of effective 

hydrolytic enzymes that can break β linkages. However, the microflora in the colon can 

degrade these bindings. When fructans reach the colon, they are more or less intact, and 

become a substrate for bacterial enzymes belonging to the glycoside hydrolase family, 

GH32 (Van den Ende et al., 2011).  

 

Lactosucrose Lactose (Zhou et al., 2014) 

Maltooligosaccharides Starch (Beeren and Hindsgaul, 2014) 

Soybean oligosaccharide Soybean (Fei et al., 2014) 

Enzyme-resistant  Potato starch (Lim et al., 2014) 

Arabinoxylooligosaccharides Wheat bran (François et al., 2014) 

Table 1 continues 
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 Figure 2: Inulin Polymer (Petrovsky, 2010) 

 

2.5.1.2. Fructooligosaccharides  

Fructoologosaccharides (FOS) are fructose oligosaccharides joined by β-(2→1) or β-

(2→6) linkages and are terminated with a glucose molecule linked to fructose by an α-

(1→2) bond (Figure 3) (Fernández et al., 2013). They have been classified as prebiotic 

oligosaccharides because, they modulate the composition and metabolic activity of the 

intestinal microbiota, promoting the growth of bifidogenic bacteria, reducing the risk of 

colon cancer (Charalampopoulos and Rastall, 2012). This prebiotic has demonstrated to 

have beneficial properties such as reducing blood pressure, cholesterol and blood 

glucose levels and better absorption of calcium and magnesium. Fructooligosaccharides 

promote intestinal health by stimulating the growth and activity of beneficial bacteria as 

well as enhance immune response. The Bifidobacteria in the colon secrete ß- fructosidase 

enzyme responsible for FOS hydrolysis (Sridevi et al., 2014). 
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Figure 3: Chemical structures of some fructooligosaccharides (FOS) (Ohta et al., 1998) 

 

2.5.1.3. Galactooligosaccharides 

Galactooligosaccharides (GOS) are produced by β- D- galactodases derived from Bacillus 

circulans by transferring galactosyl residues to lactose molecules. They have a DP 

between 2 and 8 and are composed of galactose oligomers in β1-3/4/6 linkages with a 

terminal glucose residue (Figure 4) (Sen et al., 2014, Torres et al., 2010). These 

substrates have been extensively studied for their prebiotic status, promoting the growth 

of beneficial microorganisms such as Bifidobacteria and Lactobacilli, therefore providing 

putative health benefits (Garrido et al., 2013).  
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Figure 4: Structures of some GOS: (A) β-D-Galp-(1→ 3)-D-Glc ; (B) β-D-Galp-(1→4)-D-Gal 
(Intanon et al., 204) 

 

2.5.1.4. Xylooligosaccharides  

Xylooligosaccharides (XOS) are mixtures of oligosaccharides formed by xylose residues 

linked through β- (1→4) linkages (Figure 5). The number of xylose residuals known as 

xylobiose or xylotriose involved in the formation of XOS vary from 1 to 10 (Kumar et al., 

2012). Xylooligosaccharides are extensively used by several species of Bifidobacteria, 

hence a study done by Childs et al. (2014) discovered that when prebiotics were 

compared, Bifidobacterium spp. favored XOS over hexoses (such as glucose) during in 

vitro growth experiments. Rycroft et al. (2001) also evaluated the fermentative properties 

of some prebiotics in vitro and found that XOS and lactulose produced the highest 

concentration of Bifidobacteria. 
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Figure 5: Chemical structure of xylooligosaccharide (Doerr et al., 2002) 

 

2.5.2. Prebiotic oligosaccharides from algae 

Macroalgae are regarded as a rich source of sulfated polysaccharides, and the particular 

types of polysaccharides varied depending on the taxonomic group. The key function of 

these relatively high molecular weight polysaccharides is that they are rich in hydroxyl 

(OH) groups, making them hydrophilic. They are known to establish intra-chain H-bond 

networks, making them stiff, rigid and suitable as thickeners. The regularity of their 

structures also promotes their interaction with external ions and inter-chain H-bonding 

(e.g. gelation) (O’Sullivan et al., 2010). Different carbohydrates including ulvans, 

carrageenan, or alginates are extracted from macroalgae and are widely used in the food 

and pharmaceutical industries as functional ingredients. Key polysaccharides in 

macroalgae such as Chlorophyta, Phaeophyta and Rhodophyta and their prebiotic effect 

on the intestinal microflora are summarized in Table 2 (Warrand, 2006, O’Sullivan et al., 

2010). 
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Table 2: Prebiotics from marine macroalgae 

 

2.6. Production of non-digestible oligosaccharides 

Over twenty different types of NDOs are on the world market. Industrial production 

methods have been employed to produce NDOs from natural sources by hydrolyzing 

polysaccharides, and by enzymatic and chemical synthesis from disaccharides (Saad et 

al., 2013). Production of NDOs using various food sources is summarized in Figure 6, 

meanwhile a detailed description of processes involved in producing these NDOs is 

provided subsequently in this proceeding section in this chapter. 

Prebiotic Sources  Prebiotic effect 

Alginate-(1-4) linked a-L-

guluronic acid and b-D-

mannuronic acid and pyranose 

residues 

 

Brown seaweed species 

(Phaeophyta) but also bacterial 

sources (Azotobacter) 

 

Alginate can alter the colonic 

microflora and the quantities of 

short chain fatty acids 

produced. 

Faecal Bifidobacteria levels 

increased while the number of 

some potentially pathogenic 

bacteria decreased during 

alginate consumption. 

 

Carrageenan- 1,3-linked b-D-

galactose and 1,4-linked 

a-D-galactose 

Red seaweed species 

(Rhodophyta) 

Degraded carrageenans may 

cause ulcerations in the GIT 

and gastrointestinal cancer  

Ulvan- uronic acids, rhamnose 

(sulphated or not), xylose and 

the disaccharide composed of 

b -D-glucuronic acid-(1-4)-a-L-

rhamnose 

Green seaweed species (Ulva) 

(Chlorophyta) 

Fermentated by Bifidobacteria 

and serve as growth promotors 

that are involved in the 

intestinal epithelial growth and 

wound repair. 
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Figure 6: Production of non-digestible oligosaccharides (Mussatto and Mancilha, 2007) 

 

2.6.1. Extraction from natural sources by hydrolysis processing 

The naturally occurring NDOs in plants such as chicory roots, artichoke jerusalem and 

asparagus root can be obtained by direct extraction (Whelan, 2014). Raffinose 

oligosaccharides can be directly extracted from plant materials using water, aqueous 

methanol or ethanol solutions (Johansen et al., 1996). Soybean oligosaccharide are also 

extracted from soybean whey (Fei et al., 2014). 
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2.6.2. Enzyme processing  

Most polysaccharides such as inulin, xylan and starches, are treated with specific 

enzymes to produce oligosaccharides. In enzymatic glycosylation strategies, a high 

number of stereoselective glycosyltransferase and glycosylsynthetase enzymes are 

commonly used for enzymatic synthesis of NDOs to produce lactose and sucrose. The 

glycosyltransferases families are classified according to the sugar transferred from donor 

to acceptor and by the acceptor specificity. This process has allowed for the synthesis of 

bioactive oligosaccharides such as fructooligosaccharides from sucrose using 

fructosyltransferase or the formation of trans-galactosylated oligosaccharides or 

galactooligosaccharides from lactose (Figure 6) (Saad et al., 2013).  

 

2.6.3. Chemical production 

Several polysaccharide degradation mechanisms have been developed and they include 

acid hydrolysis, thermomechanical degradation and oxidative degradation. Ultrasonication 

is most effective at depolymerizing polysaccharides (Hosseini et al., 2013). More 

environmentally friendly technologies, such as autohydrolysis (also referred to as 

hydrothermolysis), have gained considerable attention. In addition, the use of water as the 

only solvent has several advantages and these include limited problems derived from 

equipment corrosion owing to the mild pH of reaction media, and reduced operational 

costs (Morimoto et al., 2014). 

 

2.7. Identification and characterization of non-digestible 

oligosaccharides  

2.7.1. Chromatographic, spectrometric and spectroscopic techniques 

Previously, the most common techniques used to analyse oligosaccharides was gas liquid 

chromatography (GLC) and high performance liquid chromatography (HPLC) (Knudsen 
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and Li, 1991). The first HPLC methods were based on the separation of NDOs up to a DP 

of 15 by low-pressure ion exchange or permeation chromatography Alternative methods 

were developed because these methods were time consuming (Swennen et al., 2006). 

One method in particular is the use of high performance anion exchange chromatography 

(HPAEC), that is more efficient than HPLC in terms of separation and detection (Hell et 

al., 2014). Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) and electrospray ionization mass spectrometry (ESIMS) are powerful 

techniques for NDO analysis (Selvakumar et al., 1996). NMR-spectroscopy is also 

powerful for identification of NDOs (Soininen et al., 2014). Surface-enhanced Raman 

scattering (SERS) spectroscopy has also recently been used for NDO analysis. Surfaced-

enhanced Raman scattering is a vibrational spectroscopic technique in which a 

monochromatic laser light is non-elastically scattered from a sample and shifted in 

frequency by the energy of its characteristic molecular vibrations Due to the high 

sensitivity to structural differences between equal-mass isomers, SERS can be effective in 

studying oligosaccharide structures. Furthermore, it has lower detection limits than NMR-

spectroscopy, is more sensitive than normal Raman spectroscopy, and better suited for 

the analysis of aqueous solutions (Mary et al., 2014). 

 

2.8. Prebiotic oligosaccharides and the gut system 

The mucosal surface of the human GIT is about 200–300 m2 and is colonized by 1013–14 

bacteria of 400 different species and subspecies (Hao et al., 2004). The colon is densely 

populated with beneficial resident bacteria (e.g., Bifidobacterium and Lactobacillus spp.) 

and or harmful resident bacteria (e.g., Clostridium spp., Shigella spp. and Veillonella spp) 

(Figure 7) (Liu et al., 2014). These organisms that constitute the normal 

microflora.perform several functions, such as metabolic digestion, assist in food digestion, 

and protection from harmful bacteria (Serban, 2014). 
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Figure 7: Human gastrointestinal tract (Lewandowska, 2010) 

 

Due to the aggressive intestinal fluids (e.g., bile, pancreatic juices) and the short trait time, 

the duodenum also represents a hostile environment that contains relatively low numbers 

of transit microbes and each bacteria has its spectrum of metabolic activities (Quigley, 

2010). Types and numbers of microorganisms in the small and large intestine vary from 

person to person. In a healthy individual, most of these species are advantageous or 

benign to the host, but some are potentially pathogenic provided their numbers are 

allowed to increase to high levels (Crittenden and Playne, 1996). Disturbances to the 

ecological balance in the intestinal microflora caused by, for example, changes in diet, 

stress or antibiotic treatment can lead to the overgrowth of deleterious bacteria, which 

may lead to gastrointestinal disorders. These disorders may be as minor as intestinal 

discomfort or increased flatulence, or relatively serious health problems. These disorders 

can be severe diarrhoea, irritable bowel syndrome and colitis. Undesirable bacteria in the 

colon have been implicated in the development of colon cancer (Thammarutwasik et al., 

2009).  
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In a diet, part of the food is digested and absorbed as nutrients in the small intestine. The 

parts that are not digested in the small intestine will pass into the large intestine and be 

utilised by beneficial bacteria called probiotics. During the process, the food (prebiotics) is 

fermented by probiotics and a large amount of lactic acid is produced causing a reduction 

of pH value, which results in the inhibition of the growth of pathogens. At the same time, 

short chain fatty acids, e.g., acetic acid, butyric acid and propionic acid, and other useful 

compounds such as vitamin B are produced and absorbed by the host during probiotic 

fermentation. Butyric acid can assist the intestinal cell wall to fight against progression of 

cancer (Hijova and Chmelarova, 2007, Duncan and Flint, 2013). Types of prebiotics affect 

their usefulness in the human body, therefore those prebiotics that can be fermented more 

quicker produces large amount of gases, which cause discomfort to the host, and 

therefore,  of lesser benefit to the host than those that get fermented much slower 

(Thammarutwasik et al., 2009). 

 

The different mechanisms of prebiotic action are summarized with a clear presentation of 

most of the physiological effects occurring in the caeco-colon following the ingestion of 

FOS, and their putative consequences outside the gastrointestinal tract is displayed 

(Figure 8). After ingestion with oligosaccharides, a prebiotic effect occurs by allowing a 

(re)equilibrium of the colonic microbiota. The production of short-chain fatty acids by the 

probiotics in the large intestines allows oligosaccharides to play a role of proliferation in 

normal or altered colonic cells (butyrate), lowering pH, with consequences on cation 

absorption, reaching the liver and playing a role in lipid and glucose homeostasis. 

Bacterial colonic changes may also contribute in lowering carcinogen activation in the 

colon, modulate mucin production and stimulate the immune system, with consequences 

on host resistance to infection and other immune system-dependent processes (perhaps 

cancer). Other interesting effects are exhibited such as an increase in faecal N excretion, 

and a promotion of the production of intestinal hormones (for example, glucagon-like 
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peptide-1; GLP-1). CNS, central nervous system; GALT, gut-associated lymphoid tissue 

(Delzenne, 2003). 

 

 

Figure 8: Depiction of the beneficial roles of prebiotics in the mammalian GIT and their 
systemic effects (Saulnier et al., 2009) 

 

2.9. Probiotics 

Probiotics are live microbial feed and food supplements that beneficially affect the humans 

and animals by improving gut microbial balance (Chandok et al., 2014). They are 

composed of large numbers or one or more strains of a single species or a mixture of 

several microbial species that are common components of the normal GIT. The most 

studied probiotics belong to the genera Lactobacilli and Bifidobacteria that reside in the 

human GIT, capable of lactic acid fermentation. These genera have a considerable safety 

record both within the fermented food industry, where they have been widely used for 

many years in probiotic foods (He et al., 2006). As evidence accumulates for their 

beneficial effects on human health, these bacteria are increasingly being included as 

functional ingredients, particularly in dairy products such as yoghurts and other fermented 

milk products (Shah, 2014). Lactobacillus and Bifidobacterium species are also dominant 
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inhabitants in the human intestine (Lactobacillus in the small intestine and Bifidobacterium 

in the large intestine). However, species belonging to the genera Lactococcus, 

Enterococcus, Saccharomyces and Propionibacterium yeasts (e.g. Saccharomyces 

cerevisiae and Saccharomyces boulardii) and filamentous fungi (e.g. Aspergillus oryzae) 

are also used as probiotics due to their health promoting effects (Pyar et al., 2013, Tripathi 

and Giri, 2014). Probiotic products on the market are available in the form of tablets or 

capsules, dried powder, liquid suspension and sprays. Most preparations destined for 

human consumption are fermented in milk or given as powder or tablets. They can contain 

one or several species of bacteria or fungi (Reyed, 2007). Probiotics have been widely 

reported to alleviate lactose intolerance, suppress diarrhea, reduce irritable bowel 

symptoms and prevent inflammatory bowel diseases (Baquerizo Nole et al., 2014). Some 

of these health benefits are indicated in Figure 9. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Proposed health benefits stemming from probiotic consumption (Saarela et al., 
2002) 
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Normalisation of the indigenous microbiota by specific strains of the healthy gut microbiota 

forms the basis of probiotic therapy. Oral introduction of probiotics may decrease 

abnormally high intestinal permeability and alter gut microecology, affecting the intestinal 

immunological barrier functions and alleviating the intestinal inflammatory response. The 

targets for probiotic therapy are thus, identified as clinical conditions with impaired 

mucosal barrier function, mainly manifested by infectious and inflammatory disease. The 

presence of these bacteria in the human intestine has been considered as one of the 

most important aspects of a healthy intestinal microflora. Therefore, many attempts have 

been made to increase their numbers in the intestine by the administration of certain 

probiotic or prebiotic strains including oligo- and polysaccharides that stimulate the growth 

and activity of probiotic bacteria (Liu et al., 2014, Reyed, 2007). 

 

Probiotics have the following characteristics: 

a) Able to withstand bile salts, since the liver secretes bile salts into small intestine to 

digest fatty foods at a concentration of 0.15-0.30% (Erkkilä and Petäjä, 2000). 

b) Able to withstand stomach acid. Stomach excretes HCl to help digest food, 

causing the pH in the stomach to be as low as 1-3, therefore the probiotic must be 

able to withstand these pH levels to be able to survive (Kontula et al., 1998). 

c) Able to adhere to human cell (Gismondo et al., 1999). Must be able to colonize the 

intestinal wall to prevent colonization by pathogens, and resist the peristaltic 

movement of the food in the intestine, making absorption and digestion to be as 

normal as possible (Gourbeyre, 2011), and adherence to human intestinal cells is 

the first step in the mechanism of probiotic action. In fact, microorganisms of 

probiotics are tested for their ability to colonize intestinal epithelia. The capability to 

colonize epithelial cells is very important because, bacteria ingested as probiotics 

must be able to multiply, and colonize the gut (Reyed, 2007). Lactobacilli, 

Bifidobacteria and other bacterial strains probiotics. 
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2.9.1. Lactobacilli, Bifidobacteria and Bacillus as probiotics 

The indigenous bacteria may be grouped either as potentially pathogenic or as health 

promoting. The strains with beneficial properties include among others Bifidobacteria and 

Lactobacilli, which are also among the predominant microbes in healthy infants (Liu et al., 

2014). These are widely studied probiotic strains of lactic acid bacteria have been shown 

to exert several health benefits. Bifidobacteria and Lactobacilli have been attributed with 

beneficial aspects such as modification of the intestinal microbiota and stimulation of  

immune responses thereby promoting non-specific host resistance to microbial pathogens 

(Mumcu and Temiz, 2014). Bifidobacteria and Lactobacilli belong to different taxonomic 

groups with varying phenotypic and genotypic properties and are natural residents of the 

human intestine. A diverse ecological distribution and quantity in the intestinal microflora 

exists between these bacteria but they possess many similarities in their health-promoting 

effects, for instance, shortening and preventing diarrhea caused by various types of 

pathogenic agents, and stimulation of human immune responses (He et al., 2006). 

 

2.9.1.1. Lactobacilli 

Lactobacilli are Gram-positive, non-spore forming rods, catalase negative, usually non-

motile and do not reduce nitrates. As glucose fermenters, they can be divided into 

different biochemical subgroups on the basis of the metabolic route by which glucose is 

metabolised, either homofermentatively or heterofermentatively. The Lactobacillus 

population of the human gastrointestinal system consists of various species, subspecies 

and biotypes within the same genera, with the most frequently isolated Lactobacilli 

belonging to six species, i.e., L. acidophilus, L. salivarius, L. casei, L. plantarum, L. 

fermentum and L. brevis. Lactobacilli have GRAS status (He et al., 2006). Lactic acid is 

the major metabolic end-product of Lactobacilli during glucose fermentation. The 

presence of lactic acid and hydrogen peroxide, and other byproducts of Lactobacillus 

metabolism have also been shown to be beneficial in controlling overgrowth of other 



 

 26 

potentially pathogenic bacteria (Slover and Danziger, 2008). Acetic acid and succinic acid 

are also produced, but only in small amounts. Lactobacilli are required to maintain a 

healthy GIT and are not usually considered to be pathogens in the healthy host except 

when associated with dental caries (Aguirre and Collins, 1993). They are considered 

protective organisms and are thought to inhibit the growth of pathogenic organisms via the 

production of lactic acid and other metabolites. All of these characteristics make 

Lactobacilli essential bacteria in the human microflora for keeping other “more pathogenic” 

bacteria in check and not allowing them to cause infection (Slover and Danziger, 2008). 

 

2.9.1.2. Bifidobacteria 

Bifidobacteria are Gram-positive, non-spore forming rods, with distinct cellular bifurcating 

or club-shaped morphologies. Since Bifidobacteria constitute up to 25% of the gut 

microflora in some adult individuals, they make a significant contribution to carbohydrate 

fermentation in the colon. Hexoses are fermented by the fructose-6-phosphate, or ‘bifidus’ 

shunt, which is characterized by the presence of the key enzyme, fructose-6-phosphate 

phosphoketolase (He et al., 2006). The main species present in humans are 

Bifidobacterium adolescentis, B. infantis, B. breve and B. longum in the colon and B. 

dentium in the oral cavity. Five more species have been isolated from humans which 

include B. catenulatum, and B. pseudocatenulatum. It is claimed that a high number of 

Bifidobacteria in the colon improves human health. A high number of Bifidobacteria may 

prevent colonization of pathogens, and may have positive effects on intestinal peristalsis, 

the immune system, cancer prevention, cholesterol metabolism and carbohydrate 

metabolism in the colon. This has led to the recognition  of  Bifidobacteria as probiotics, 

especially in the dairy industry (Gibson, 2004). 
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2.9.1.3. Bacillus species 

Bacillus species have been used as probiotics in at least 50 medicinal supplements. 

There is scientific interest in Bacillus species as probiotics, though it has only occurred in 

the last 15 years (Cutting, 2011). The species that have most extensively been examined 

are B. subtilis, B. clausii, B. cereus, B. coagulans and B. licheniformis. Spores being heat-

stable have some advantages over other non-spore formers such as Lactobacillus spp. 

For example, the product can be stored at room temperature in a desiccated form without 

any deleterious effect on viability. The second advantage is that the spore is capable of 

surviving the low pH of the gastric acid (Barbosa et al., 2005), which is not the case for all 

species of Lactobacillus (Tuohy et al., 2007), so in principle, a specified dose of spores 

can be stored indefinitely without refrigeration and the entire dose of ingested bacteria will 

reach the small intestine intact. 

 

2.10. Immunomodulation by probiotics 

The most complex of the postulated mechanisms by which probiotics and stimulated 

endogenous microbes may act is their interaction with the GIT immune cells and lymphoid 

tissues to modulate immune and inflammatory responses of the host. Figure 10 depicts 

three levels of probiotic action in the GIT. Probiotic bacteria can interfere with the growth 

or survival of pathogenic microorganisms in the gut lumen (Level 1); probiotic bacteria can 

improve the mucosal barrier function and mucosal immune system (Level 2); and, beyond 

the gut, have an effect on the systemic immune system, as well as other cell and organ 

systems such as liver and brain (level 3) (Binns, 2013). 
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Figure 10: Depiction of the three levels of action of a probiotic in the GIT (Binns, 2013) 

 

Ingested and endogenous microbes can impact both on the innate and adaptive 

responses of the host immune system. The interaction between microbial cells 

(commensal, probiotic or pathogen) and host cells is mediated by their interaction with 

specific receptors such as Toll-like receptors (TLR) that are associated with cells lining the 

mammalian GIT. The activation of these receptors initiates a cascade of concerted 

immune signals leading to different responses. Probiotics from different strains can 

stimulate immunity by increasing mucosal antibody production, boosting pro-inflammatory 

cytokine expression and enhancing host defense production. Suppressive effects are 

manifested by decreasing cytokine expression, systemic inflammation, cellular 

proliferation and increasing apoptosis. Surface proteins have been implicated as key 

factors involved in immunomodulation (Saulnier et al., 2009). For example, aggregation-

competent, L. crispatus modulates the expression of innate immune receptors TLR-2 and 

TLR-4 on the surfaces of epithelial cells in the colonic mucosa of mice (Voltan et al., 

2007). Also, mutant strains of L. casei deficient in cell wall-associated polysaccharides are 

unable to exert immunosuppressive effects on macrophage cytokine production as seen 
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by the wild-type strains (Yasuda et al., 2008). Probiotic bacteria are also known to secrete 

factors responsible for modulating immune responses. For instance, secreted factors from 

L. reuteri decrease nuclear factor-κB dependent gene expression, resulting in diminished 

cell proliferation and enhanced mitogen-activated protein kinase activities important for 

inducing apoptosis (Iyer et al., 2008). As fermented milk drinks are popular sources of 

probiotics, it is important to note that L. helveticus is capable of producing factors during 

milk fermentation responsible for increasing calcineurin expression, resulting in an 

augmented population of mast and goblet cells in the mouse GIT (Vinderola et al., 2007).  

 

2.11. Macroalgae and microalgae 

Algae are photosynthetic organisms possessing reproductive simple structures. These 

organisms constitute a total number of 25 to 30,000 species, with a great diversity of 

forms and sizes as shown in Figure 11. They exist from unicellular microscopic 

(microalgae) to multicellular organisms (macroalgae or aquatic plants) (Swennen et al., 

2006). They live in complex habitats and can continue to survive in extreme conditions, for 

example; changes of salinity, temperature, nutrients and ultraviolet irradiation. Therefore, 

they adapt rapidly to new environmental conditions to survive, producing a great variety of 

secondary (biologically active) metabolites, which cannot be found in other organisms 

(Carlucci et al., 1999). Considering their great taxonomic diversity, investigations relating 

to search of new biologically active compounds from algae can be seen as an almost 

unlimited field. Besides its natural character, other important aspects relating to the algae 

are their ease of cultivation, their rapid growth comparison with many other species and 

the control of the production of some bioactive compounds by manipulating the cultivation 

conditions (Plaza et al., 2008, De Morais et al., 2015). Algae can be classified into two 

major groups according to their size i.e, macroalgae and microalgae, which are discussed 

below. 
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Figure 11: Diversity of algae (Škaloud et al., 2013) 

 

2.11.1. Macroalgae 

Macroalgae, commonly known as seaweeds, are multi-celled organisms that live in sea 

water and are between 2 to 30 mm in size. Several characteristics are used to classify 

them including the nature of their chlorophyll, their cell wall chemistry, and the presence or 

absence of flagella. The common feature that is usually employed in algal classification to 

its various divisions is the presence of specific pigments such as the carotenoid 

fucoxanthin in brown algae (Phaeophyceae), chlorophyll a and b in green algae 

(Chlorophyceae) and phycoerythrin and phycocyanin in red algae (Rhodophyceae) 

(O’Sullivan et al., 2010). The presence of these different phytopigments in algae is related 

to their sea habitat because, not all macroalgae need the same light intensity to perform 

photosynthesis. Thus, green macroalgae, which are able to absorb large amounts of light 

energy, abound in coastal waters, while red and brown macroalgae prevail at greater 

depths where penetration of sunlight is limited (Bocanegra et al., 2009). Macroalgae are a 

source of biologically active phytochemicals, which include carotenoids, phycobilins, fatty 

acids, polysaccharides, vitamins, sterols, to copherol and phycocyanins. Many of these 

compounds are known to possess biological activity and hence have potential beneficial 

use in healthcare (Kadam and Prabhasankar, 2010).  
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2.11.2. Microalgae 

Microalgae are the most primitive and simply organised members of the plant kingdom, 

with a majority existing as small cells of about 3–20 m. These algae are ubiquitous in 

nature and have been isolated from areas ranging from hot springs to glacial ice flows. 

Microalgae are found in both benthic and littoral habitats and also throughout the ocean 

waters as phytoplankton. Phytoplankton comprises organisms such as diatoms 

(bacillariophyta), dinoflagellates (dinophyta), green and yellow-brown flagellates 

(Chlorophyta; prasinophyta; prymnesiophyta, Cryptophyta, Chrysophyta and 

Rhaphidiophyta) and blue-green algae (Cyanophyta). As photosynthetic organisms, they 

plays a critical role in the productivity of oceans and constitute the basis of the marine 

food chain (Lordan et al., 2011). 

 

Compounds isolated from marine microalgae have demonstrated various biological 

activities, such as anti-oxidant (Yuan and Walsh, 2006), anti-inflammatory (Kang et al., 

2008), anti-coagulant (Wijesekara et al., 2011), anti-bacterial (Kellam and Walker, 2007), 

and anti-viral activity (Talyshinsky et al., 2002). As a result, compounds derived from 

algae have significant applications in a range of products in the food, pharmaceutical and 

cosmetic industries (d’Ayala et al., 2008), with some are illustrated in Figure 12. Further 

more, algae are a rich source of dietary fiber (25–75% dry weight), of which water-soluble 

fiber constitutes approximately 50–85% (O’Sullivan et al., 2010). 
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Figure 12: Applications of algae (Beetul et al., 2016) 

 

2.11.3. Structural characteristics of oligo/polysaccharides produced by macroalgae 

and microalgae 

The chemical structure of polysaccharides produced by macroalgae and microalgae is 

significantly determined by their properties, namely physico-chemical and biochemical, 

and reflect their physical behavior and biological activities. The characteristics of the 

various polysaccharides produced by microalgae, including their composition and 

structure are discussed further on in this section. Table 3 shows the main classes of 

polysaccharides that are commonly found in higher plants, algae and fungi (Harborne, 

1973). 

Table 3: Main classes of Polysaccharides in higher Plants and Algae  

Class name  Sugar unit  Linkage Distribution 

HIGHER PLANTS 

Cellulose Glucose β1→4  Universal as cell wall 

material 

Starch-amylose Glucose  α1→4   

Universal as storage 

material in artichoke, 

chicory, etc. 

Starch-amylopectin Glucose α1→4, α1→6 

Fructan Fructose/Glucose β2→1 

Algae 
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Class name  Sugar unit  Linkage Distribution 

Xylan Xylose/Arabinose/Uronic acid β1→4  Widespread, e.g. grasses 

Glucomannan Glucose/Mannose β1→4  Widespread, especially in 

coniferous wood 

 

Arabinogalactan Arabinose/Galactose 1→3, 1→6 

Pectin Galacturonic acid α1→4 Widespread 

Galactomannan Mannose/Galactose β1→4,α1→6

  

Seed mucilages in Acacia 

and Prunus species 

ALGAE (Seaweeds) 

Laminaran Glucose β1→4   

 

     

 

Polysaccharide 

Sulphate 

Fucose (& others) - 

Alginic Acid Mannuronic &  

Guluronic acid 

- 

Amylopectin Glucose α1→4, 

1→6 

 

 

Galactan Galactose 1→3, 1→4 

Starch Glucose α1→4, 

α1→6 

Polysaccharide 

Sulphate 

Xylose, Rhamnose, Glucuronic 

acid 

- Chlorophyceae (green algae) 

 

2.11.3.1. Macroalgae 

Macroalgae contain large to least amounts of polysaccharides, such as alginates, 

laminarins, fucans and cellulose in Phaeophyta (brown seaweeds); carrageenans and 

agar in Rhodophyta, (red seaweeds); and ulvans in Chlorophyta (green seaweeds). 

However, most of these polysaccharides are not digestible with the human GIT and 

therefore, can be regarded as non-digestible fibre (NDF). Moreover, they can be regarded 

as prebiotics as they promote growth of intestinal microflora and probiotics (Lordan et al., 

2011, Varfolomeev and Wasserman, 2011). Fucoidans are sulphated polysaccharides, 

which are found in the cell walls of brown algae that have been reported to display 

Phaeophyceae (brown algae) 

Rhodophyceae (red algae) 

) 

Table 3 continued 
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numerous physiological and biological properties such as anti-tumour, anti-viral, anti-

coagulant benefits (Cumashi et al., 2007). Another sulphated polysaccharide, porphyran 

makes up the main components of the red macroalgae (Porphyra). This polysaccharide 

has been reported to be used as a gelling agent, a nutritional supplement and as an anti-

oxidant (Jiménez-Escrig and Sánchez-Muniz, 2000). 

Numerous oligosaccharides from algae with immune stimulating activities have been 

characterized as having anti-hypertensive, anti-microbial, anti-oxidant and anti-tumour 

properties (Patel and Goyal, 2011). Moreover, oligosaccharides, for example, can benefit 

a person’s health when they are added to the diet as they enhance the growth of prebiotic 

bacteria (Courtois, 2009).  

2.11.3.2. Microalgae and Cyanobacteria 

The polysaccharides released by Cyanobacteria are complex heteropolymers that, in 

about 80% of the cases, are composed of six to ten different monosaccharides. These ten 

monosaccharides are the hexoses (glucose, galactose and mannose); the pentoses 

(ribose, arabinose and xylose); the deoxyhexosesfucose, rhamnose and the acidic 

hexoses (glucuronic and galacturonic acid) (De Philippis et al., 2001).  

 

A significant variation in the ratio among the monosaccharides has also been found, 

glucose being, in 60% of the cases, the most abundant. Another important feature, 

common to most cyanobacterial polysaccharides, is their anionic character (Shah et al., 

2000), with about 90% polymers being characterized by the presence of uronic acids that, 

in polysaccharides of half of the strains studied, exceeding 20% of the released 

polysaccharides (RPS) dry weight (Wt) (De Philippis et al., 2001). In addition, significant 

levels of other charged substituents (sulphate and ketal-linked pyruvyl groups) have been 

found in many cyanobacterial RPS (De Philippis et al., 2000), contributing to the global 

charge of the macromolecules that acquire a rather high anion density (De Philippis and 

Vincenzini, 1998). The presence of hydrophobic groups has also been reported for a 
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rather large number of cyanobacterial polysaccharides, ester-linked acetyl groups, up to 

12% of dry Wt, together with peptidic moieties, and the deoxysugarsfucose with rhamnose 

contributing to a significant hydrophobic behaviour of these otherwise hydrophilic 

macromolecules (Shepherd et al., 1995). 

 

2.11.4. Algal species with prebiotic potential 

There are a number of algal species that have been used in the food and pharmacological 

industries. These species alongside those with potentials for future use are reviewed in 

the proceeding section of this chapter. The microscopic descriptions of these algal 

species are presented along with prebiotic properties.  

 

2.11.4.1. Spirulina platensis 

Spirulina platensis (S. platensis) is a planktonic, filamentous Cyanobacterium or blue–

green alga found in many freshwater environments including ponds, lakes, and rivers 

(Babadzhanov et al., 2004). Spirulina platensis contains about 13.6% carbohydrates; 

some of which are glucose, rhamnose, mannose, xylose and galactose (Sánchez et al., 

2003). Spirulina platensis biomass is known to stimulate bacterial growth, and studies 

performed indicated that the algae consumes nitrogen from the growth medium and 

releases extracellular carbohydrates and other growth substances which, may be 

responsible for stimulating growth of Lactobacilli (and other lactic acid-producing strains) 

(Parada et al., 1998). 

 

Carbohydrate moieties from Spirulina platensis exist in the form of lipopolysaccharide and 

lipoglucan as observed in Figure 13. The major oligosaccharide fraction of the 

lipopolysaccharide comprises the O-antigen (with 40 repeating sugar units) and the core 

polysaccharide. These carbohydrate segments consist of rhamnose, mannose, galactose, 

2-keto-3-deoxymanno-octanic acid and glucosamine. Galactose, mannose and xylose 
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sugar units generally exist in very low quantities as part of the lipopolysaccharide structure 

and 2, 3-di-O-methylpentose and 2-O-methyl-6-deoxyhexose also occur in trace amounts. 

The sugars which comprise the majority of the O-antigen and core polysaccharide 

structure are rhamnose and glucose residues, the former sugars linked by 1,2- and 1,3- 

bonds, and the latter by 1,4- bonds (Mikheiskaya et al., 1983). 

 

Figure 13: The basic molecular structure of a lipopolysaccharide (Gemma et al., 2016) 

 

2.11.4.2. Chlorella species 

Chlorella spp. are unicellular green algae of Chlorophyta found in both fresh and marine 

water (Suárez et al., 2005). Polysaccharide complexes from Chlorella pyrenoidosa and 

possibly, Chlorella ellipsoidea, contain glucose and any of the combination of galactose, 

rhamnose, mannose, arabinose, N-acetylglucosamide and N-acetylgalactosamine 

(Lordan et al., 2011). An acidic polysaccharide was isolated from Chlorella pyrenoidosa 

containing mostly rhamnose (52%) with both arabinose and galactose in about equal 

amounts (12 and 13%, respectively). These complexes are believed to have 

immunostimulating properties, inhibiting the proliferation of Listeria monocytogenes and 

Candida albicans (Mata et al., 2010, Suárez et al., 2005). Chlorella vulgaris contains 

about 0.09% carbohydrates; some of which are rhamnose, mannose, xylose, galactose, 

2-O-methyl rhamnose, 3-O-methyl rhamnose (in molar ratios of 25:2.3:1.7:1.0:3.9:2.1:1.2) 

(Sui et al., 2012). Yalcin et al. (1994) reported the isolation of another extracellular 
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polysaccharide from Chlorella spp. containing glucuronic acid and arabinose as major 

components (38.3 and 32.5%, respectively).  

2.11.4.3. Tetraselmis species 

Tetraselmis is a sizeable genus (more than 50 species) of green flagellates. Most species 

are known from inshore marine environments, tide pools in particular, but a few freshwater 

species are also known (Mohammadi et al., 2015).The cell walls (theca) of Tetraselmis 

spp. consist mainly of acidic polysaccharides (82% of dry weight) (Becker et al., 1998). 

Major monosaccharide constituents are the unusual 2-keto-sugar acids 3-deoxy-manno-2-

octulosonic (Kdo, 54–60 mol% of total carbohydrate), 3-deoxy-5-O-methyl-manno-2-

octulosonic acid (5OMeKdo, 4%), and 3-deoxy-lyxo-2-heptulosaric acid (Dha, 6–8%) 

(Becker et al., 1991). In addition, galacturonic acid (18–21%) and small amounts of 

galactose (7%), gulose (3–4%), and arabinose (1%) are present (Becker et al., 1991). 

However, not much is known about the structural elements of the theca. Two Kdo and 

galactopyranuronic acid (GalA) containing trisaccharides obtained by partial hydrolysis of 

the theca of Tetraselmis striata were isolated by Becker et al. (1995).  

 

2.11.4.4. Dunaliella salina  

Dunaliella salina (D. salina) is a unique unicellular species of Chlorophyta with no cell wall 

found in saline environments (Abu-Rezq et al., 2010). This alga has been reported to 

produce extracellular polysaccharides that are known to have immunostimulant, anti-viral 

and anti-tumor activities (Mishra and Jha, 2009). The first reported polysaccharide 

isolated from D. salina residue after extraction of carotene and its monosaccharide 

composition was identified as glucose, galactose, xylose, mannose, and rhamnose by 

paper chromatography (Dai et al., 2010). Xue et al. (2003) and Xie et al. (2005) obtained 

three polysaccharide fractions from D. salina by basic hot water extraction and purification 

with DEAE-32 ion-exchange column and Sephadex G-100 gel filtration column. The three 

fractions were determined as a glucan, a sulfated proteoglycan and a sulfated 
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heteropolysaccharide mainly containing glucose by GC, IR and barium sulfate 

turbidimetry.  

2.11.4.5. Scenedesmus species 

Scenedesmus spp. are ubiquitous organisms and are frequently dominant in freshwater 

lakes and rivers. (Kim et al., 2007). They are well-known for their nutritional value and 

considered as potential food additives (Kumar, 2015). Scenedesmus spp. has also been 

used for producing lipid and carbohydrate suitable for making liquid biofuels (Ho et al., 

2010). Colony formation in algae is linked to polysaccharide production, however 

polysaccharide from this algae is limited (Liu et al., 2010).  

 

2.11.4.6. Chlorococcum species 

The marine green alga Chlorococcum is a unicellular spherical strain with cells of 

diameter about 10 μm belonging to Chlorococcaceae family (Berberoglu et al., 2009). It is 

of interest due its tolerance to high CO2 concentrations and the fact that it can grow to 

high cell density (Hu et al., 1998). Just like all other microalgae, it can produce value-

added by-products that can enable their processes more economical. Some of the 

examples include their use in medicinal and pharmaceutical industry as well as health 

drinks for their immunostimulatory, antioxidant, antiviral, and anticancer activities (Hu et 

al., 1998, Skjånes et al., 2007). 

 

2.11.4.7. Cylindrospermum species 

Cylindrospermum usually inhabits soft, acidic freshwater lakes and is one of the 

filamentous, heterocystous and non-branched cyanobacteria, classified traditionally in 

Nostocaceae family. The filaments form fine or compact benthic mats or colonies and may 

be epiphytic or metaphytic (Hijova and Chmelarova, 2007). Cylindrospermum spp are 

employed in agriculture as biofertilizers and soil conditioners. They are capable of fixing 

atmospheric nitrogen and are effectively used as biofertilizers its application is useful for 
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the reclamation of soils (Harborne, 1973). In previsions studies 31% carbohydrate and 

21% protein content was recorded in the imolecular composition of Cylindrospermum 

(Kellam and Walker, 2007). Figure 14 illustrates microscopic structures of some fresh and 

marine microalgae with prebiotic potential. 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

                

               

 

    

 

 

 

 

 

 

 

Figure 14: Examples of microscopic structures of some fresh and marine microalgae with 
prebiotic potentials. (A) Spirulina platensis; (B) Chlorella vulgaris; (C) Tetraselmis spp.; (D) 
Dunaliella salina; (E) Scenedesmus spp.; (F) Chlorococcum spp.; (G) Cylindrospermus spp. 
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2.12. Synbiotic effect of algal oligosaccharides 

A combination of probiotic(s) and prebiotic(s) constitutes a synbiotic, which can stimulate 

and increase the survival of probiotic and autochthonous-specific strains in the intestinal 

tract (Gourbeyre, 2011). The combination of a prebiotic of plant material for example; 

inulin and a probiotic in one product has shown to confer benefits beyond those of either  

prebiotic or probiotic (Holzapfel and Schillinger, 2002). Probiotic and prebiotic treatment 

has been shown to be a promising therapy to maintain and repair the intestinal 

environment. Consumption of healthy live microorganisms (lactic acid bacteria) with 

prebiotics such as inulin, galactooligosaccharide and oligofructose to mention a few, may 

enhance healthy colonic microbiota composition. This combination might improve the 

survival of the bacteria crossing the upper part of the GIT, thereby boosting their effects in 

the large bowel (Jain et al., 2014). 

 

However, relative success of the symbiotic of algal material is dependent on the changes 

elicited during the metabolism of the bacterial populations present, their ecological 

interactions and their population composition (Buddington, 2009). Although various clinical 

trials have thus far led to the belief that symbiotic systems for colonic treatment might be 

the most efficient, too few studies have been conducted to draw conclusive results.  

 

Algal oligo- and polysaccharides show effects on health similar to and sometimes more 

effective than other oligosaccharides from different sources. Their chemical structures 

include oligosaccharides that are not degraded by enzymes in the upper part of the GIT. 

Therefore, algal polysaccharides present a great potential for emergent prebiotics to be 

used directly, in the case of microalgae, or as dried biomass or nutraceuticals, after 

extraction from the biomass or from the culture medium (De Jesus Raposo et al., 2016). 
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3. METHODOLOGY 

3.1. Introduction 

Aqueous extraction of the algal oligosaccharide from marine and freshwater algae was 

performed, utilizing sonication and centrifugation followed by a period of storage. Probiotic 

bacteria were isolated, enumerated on Man, Rogosa Sharpe agar (MRS) and later 

characterized. The prebiotic properties of algal extracts were assessed in three phases 

and in each case inulin, a known prebiotic, served as the positive control, meanwhile 

bacterium culture without algal extract served as the negative control. The effect of algal 

extracts from a library of fifty-five algal species were screened for improvement of 

bacterial growth on three probiotic bacteria (L. lactis, L. bulgaricus and B. longum) at 0, 

24, 48, 72 and 96 hours by spectrophotometric measurements to establish a optimum 

time at which the growth of probiotic bacteria is significantly enhanced. Nineteen algal 

extracts were selected based on their ability to significantly increase the growth of at least 

one probiotic bacterium in comparison to the positive (inulin) or negative control. 

Subsequently these nineteen algal extracts were evaluated at 48 hour period on the 

growth of all three probiotic bacteria. Evaluation of the growth of probiotic bacteria was 

investigated using a spread plate technique and colony forming units (CFU). The best 

algal extracts were selected for prebiotic identification and characterization. Acid 

hydrolysis was performed on algal extracts to obtain a complete decomposition into 

monosaccharides. Thin layer chromatography (TLC) was performed to identify the 

monosaccharide sugars comprising the oligosaccharide isolated from these algae. The 

hydrolysed monosaccharides were characterized by high performance liquid 

chromatography (HPLC) using appropriate standards.  
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3.2. Culture collection, maintenance and confirmation of cultures 

3.2.1. Algal cultures 

Seven marine and 43 freshwater species were obtained from the Council for Scientific and 

Industrial Research (CSIR), Modderfontein, South Africa. These microalgae were 

previously isolated from various regions in South Africa, ranging from the Drakensburg to 

the Cape. Five algal species namely; Chlorella spp., Scenedesmus magnus, 

Chlorococcum spp., Dunaliella salina and Spirulina platensis were obtained from Durban 

University of Technology (DUT), Waste Water Research Institute, South Africa, which 

were previously isolated from various aquatic environments in KwaZulu-Natal, South 

Africa. Table 4 shows the source number generated from the initial sampling point, 

laboratory generated numbers in a sequence, location area of sampling and the 

respective media for each microalgae.  

 

Algal species from CSIR were received on slants and were aseptically transferred onto a 

respective agar plate. Marine algal isolates were cultured on Artificial Salt Water (ASW) 

media, freshwater algal isolates were grown on Artificial Fresh Water (AF6) media as per 

CSIR protocols (Appendix Table A1-8). and S. platensis was cultured on Zarrouks media 

according to the protocol described by Parada et al. (1998) (Appendix Table A9). Algal 

cells were cultured in their respective growth media at 26°C in a shaker incubator at 120 

rpm for 14 days with an artificial light (using a 60 watts light bulb) provided. 
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Table 4: Freshwater and marine algal species from various regions in SA, ranging from the 
Drakensberg to the Cape 

 

Source number Lab generated 
number 

Location Culture media used 

79 1 Drakensberg AF6 

82 2 Drakensberg AF6 

84 3 Drakensberg AF6 

85 4 Drakensberg AF6 

92 5 Drakensberg AF6 

95 6 Drakensberg AF6 

97 7 Drakensberg AF6 

98 8 Drakensberg AF6 

100 9 Drakensberg AF6 

101 10 Drakensberg AF6 

105 11 Drakensberg AF6 

106 12 Drakensberg AF6 

29 13 ST. Lucia Estuary ASW 

27 14 Milley's Caltex AF6 

23 15 Milley's Caltex AF6 

34 16 Milley's Caltex AF6 

35 17 Milley's Caltex AF6 

41 18 Milley's Caltex AF6 

45 19 Kiepersdol AF6 

111 20 Kiepersdol AF6 

112 21 Kiepersdol AF6 

118 22 Kiepersdol AF6 

119 23 Kiepersdol AF6 

119 24 Kiepersdol AF6 

121 25 Kiepersdol AF6 

129 26 Kiepersdol AF6 

15 27 Bergrivier AF6 

12 28 Bergrivier AF6 

19 29 Bergrivier AF6 

20 30 Lake 3 AF6 

22 31 Lake 3 AF6 

25 32 Lake 3 AF6 

30 33 Lake 3 AF6 

36 34 Lake 3 AF6 

62 35 Sedgevield Lagoon AF6 

67 36 Sedgevield Lagoon AF6 

1 37 Milley's Caltex AF6 

7 38 Milley's Caltex AF6 

72 39 Cape Recife Dam AF6 
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Source number Lab generated 
number 

Location Culture media used 

75 40 Cape Recife Dam AF6 

78 41 Cape Recife Dam AF6 

70 42 Cape Recife Dam AF6 

80 43 Cape Recife Dam AF6 

87 44 ST. Lucia Estuary ASW 

91 45 ST. Lucia Estuary ASW 

93 46 ST. Lucia Estuary ASW 

99 47 ST. Lucia Estuary ASW 

108 48 ST. Lucia Estuary ASW 

103 49 ST. Lucia Estuary ASW 

104 50 Cape Recife Dam AF6 

Chlorella spp. 51 DUT AF6 

Scenedesmus magnus 52 DUT AF6 

Chlorococcum spp. 53 DUT ASW 

Dunaliella salina 54 DUT ASW 

Spirulina platensis 55 DUT Zarroucks 

Algal species from CSIR (1 to 50) and DUT (51 to 55) 

3.2.2. Probiotic strains of Lactobacilli and Bifidobacteria  

Lactobacillus delbrueckii subsp. lactis (L. lactis) and Lactobacillus delbrueckii subsp. 

bulgaricus (L. bulgaricus) were obtained from the Durban University of Technology 

Culture Collection, South Africa, whereas Bifidobacterium longum (B. longum) was 

isolated from breast milk. Lactobacillus subsp. lactis, L. bulgaricus and B. longum were 

cultured on Man, Rogosa and Sharpe (MRS) agar, incubated and grown under anaerobic 

conditions in a jar (Anaerocult® A, Merck, Germany) at 30°C for 24-48 hours. The cultures 

were stored in micro banks at -70°C until further use. 

 

3.3. Confirmation of probiotic and algal cultures 

Lactobacillus lactis, L. bulgaricus and B. longum were confirmed based on their colonial 

and microscopic morphology and also on their Gram Reaction. The marine and freshwater 

algal cultures from CSIR and DUT were viewed with the naked eye under the light 

microscope (Nikon, Japan) to confirm and determine the purity of cultures. The probiotic 

bacteria and algal cultures were studied for their shape, size, colour and arrangement 

Table 4 continued 
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using a light microscope (Nikon, Japan). Algal keys were used for the identification of 

some unknown algal species for CSIR, South Africa according to John et al. (2002). 

 

3.4. Aqueous extraction of oligosaccharides from algal species 

To isolate oligosaccharides, the algae were grown for 14 days and collected by 

centrifugation (Eppendorf Centrifuge 580R) at 11,000 g for 20 minute (min) at 4°C. The 

supernatant was discarded, and the pellets from replicated cultures pooled, and an equal 

volume of sterile distilled water was added. The mixture was sonicated using a ViriSon 

100 Sonicator 100W for 5 min at an interval of 1 min to ensure algal cell disruption. After 

sonication, the mixture was centrifuged for 20 min at 11 000 rpm (Revolutions per minute). 

The pellets were discarded, the supernatant was retained and filter sterilized using a 0.22 

µm filter (Millipore filter). The filtrate was kept in a bio-freezer (-20°C) for two days and 

thereafter dried using a freeze dryer (Vertis) for three days. The dried extracts were used 

for further analysis. 

 

3.5. Prebiotic effect of aqueous algal extracts on the growth of probiotic 

bacteria 

3.5.1. Screening of marine and freshwater algal aqueous extracts for 

prebiotic activity  

The batch culture containing aqueous algal extracts and probiotic bacteria was carried out 

according to the procedure outlined by López-Molina et al. (2005), with slight 

modifications (Figure 15). Two-hundred ml each of Man, Rogosa broth and Sharpe (MRS) 

broth (Biolab; Merck, Gauteng) was prepared according to the manufacturer’s protocol. 

Fifty ml of MRS broth was transferred into three 100 ml flasks, inoculated with 5 loops full 

of L. lactis, L. bulgaricus and B. longum and incubated in anaerobic chambers overnight. 

The cultures were standardised at A620 using a Varian-Carey UV-Vis spectrophotometer 

by diluting each culture with sterile MRS broth to match the turbidity of 2 X 103 CFU/ml. 
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The algal samples were prepared by dissolving 1 mg each of S. magnus, D. salina, S. 

platensis, Chlorella and Chlorococcum algal extracts from DUT, South Africa, and 50 

unknown algal species from CSIR, South Africa into one ml of MRS broth and mixed 

thoroughly. A positive control was prepared by dissolving 1 mg Chicory inulin (Sigma; 

Germany) into 1 ml of MRS broth. A quantity of 50 µl of the positive control was added to 

sterile tubes each containing 50 µl of the standardised bacterial suspension with 5 ml 

sterile MRS broth. The test sample was prepared by adding 50 µl of the algal extract to 

sterile tubes, each containing 50 µl of the standardised bacterial suspension with 5 ml 

sterile MRS broth. The negative control contained 5 ml sterile MRS broth with 50 µl the 

standardised bacterial suspension. The tubes were incubated at 30°C anaerobically using 

an anaerobic jar (Anaerocult® A, Merck, Germany) at 0, 24, 48, 72 and 96 hours by taking 

spectrophotometric measurements (A620) to establish the optimum time at which the 

growth of probiotic bacteria is significantly enhanced. 

 

3.5.2. Evaluation of prebiotic effect of the selected aqueous algal extracts 

Aqueous algal extracts that showed an increase in probiotic bacterial growth over a period 

of 96 h were selected. The effect of aqueous algal extracts was tested as described in 

section 3.5.1. The tubes were incubated at 30°C anaerobically using an anaerobic jar 

(Anaerocult® A, Merck, Germany) on the time at which the optimal bacterial growth was 

observed. Triplicate serial dilutions up to 10-6 of the samples were prepared and plated on 

MRS agar. Incubation of plates was carried out at 30°C anaerobically using an anaerobic 

jar (Anaerocult® A, Merck, Germany) for 48 hours. The growth of probiotic bacteria was 

enumerated using a spread plate technique and CFU were calculated using the formula 

below 

                                    CFU= No of colonies x dilution factor 

                                                    volume 

 



 

 47 

 

 

 
 

         

          

   

 

      

          

          

          

 

 

  

 

     

 

 

 

 

      

          

          

          

          

          

          

   

 

      

          

  

 

       

          

 

 

 

 

      

          

          

          

   

 

      

          

 

 

        

          

          

   

       

   

       

   

       

 

Figure 15: Diagram depicting experimental procedure used for determining the effect of 
aqueous algal extracts on the growth of probiotic bacteria 

 

3.6. Acid hydrolysis of aqueous algal extracts 

A mild acid hydrolysis with 2 M trifluoroacetic acid (TFA) of the algal extracts was 

performed to decompose oligosaccharides into monosaccharides. Aqueous algal extracts 

(5 mg each) were hydrolyzed using 0.5 ml of 2 M TFA acid in boiling water for 2 h at 

100°C. After the hydrolysis, the reaction medium was neutralized to pH of 7 by adding 

Probiotic 

bacteria 

L. bulgaricus, L. lactis, B. longum 

  

Standardised, incubated for 24 h at 30°C 

Negative control: 
Probiotic bacteria 

  

Positive control: 
Probiotic bacteria & inulin 

Experimental control: 
Probiotic bacteria & algal extract 

  

Algal extract with highest 
activity selected and 

further analysed 

Bacteria enumerated and 
colony forming units 

calculated 

OD measurements 
taken over 96 h period 

every 24 h 
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Ba(OH)2, and the aliquot of hydrolysate was filtered through a 0.22 μm millipore filter 

(Emaga et al., 2012). 

 

3.7. Characterization of oligosaccharides present in algal extracts 

3.7.1. Identification of monosaccharide subunits of oligosaccharide by Thin 

Layer Chromatography 

The monosaccharide subunits of the algal oligosaccharide present in the algal extracts 

were identified by TLC as illustrated in figure 16. This was done to separate the molecular 

size and compare with known monosaccharide standards namely; glucose, xylose, 

glucuronic acid, fructose and galactose (Merck, Gauteng) used as certified reference 

material (CRM). One to four µl aliquots taken from the algal extracts and standards were 

spotted on 1 cm from the bottom and between the samples on the silica gel plate (Merck, 

Gauteng). The mobile phase used for this experiment was composed of ethyl acetate: 

acetic acid: 2-propanol: formic acid: water (25:10:5:1:15, v/v/v/v/v). When the mobile 

phase reached 1 cm from the top of the plate, the plate was removed and dried at room 

temperature. The plate was sprayed using a solution of orcinol reagent (Appendix B), 

heated at 100°C in oven for 5 -7 min and viewed under a UV detector set at wavelength 

360nm (Naidoo, 2010). 
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Figure 16: Diagram illustrating migration of compounds during TLC 

 

3.7.2. Identification and quantification of algal oligosaccharide by High 

Performance Liquid Chromatography 

Chromatographic separation of carbohydrates in the algal extracts was performed on a Hi-

Plex H (Merck, Gauteng) column. Mobile phase used was 1 mM H2SO4 with 0.7 ml/min as 

flow rate and 10 μl injection volume using a refractive index (RI) detector. 

Monosaccharide standard solutions of glucose, xylose, glucuronic acid, fructose and 

galactose were prepared at different concentrations (2 to 10 mg). All the samples were 

filtered through a 0.22 μm millipore filter before injection.  

The monosaccharides in aqueous algal extracts were quantified by comparison with 

standard curves (Appendix Figure B1 and 2) of monosaccharide standard sugars and using 

a formula below (Behera et al., 2010).  

                         y=mx+c 

y = peak area 

m = slope 

x = concentration (mg/ml) 

c = intercept  
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3.8. Statistical analysis  

The results of algal extracts that showed improved growth against any single bacterial 

isolate were taken to the second phase of the experiment. The raw growth data was 

transformed to log base 10 value (log10) to make highly skewed distributions less skewed 

and patterns in the data more interpretable The results were expressed as mean and 

standard deviations of triplicates. One-way analysis of variance (ANOVA) at 95% 

confidence intervals using GraphPad Prism software (version 6.05, GraphPad, Inc, CA, 

USA) was used followed by a student t-test for multiple comparisons by Benjamini-

Hochberg false discover rate (FDR) procedure in order to compare the log10 growth of 

each bacteria to the negative control. Aqueous algal extracts with p < 0.05 were 

considered statistically significant and regarded as potential prebiotic sources. 
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4. RESULTS  

4.1. Confirmation of algal and probiotic cultures 

The algal and probiotic cultures used in this study were all viewed under a light 

microscope for confirmation. The probiotic cultures were confirmed to be L. lactis, L. 

bulgaricus and B. longum. Using taxonomic keys, two algal species form CSIR were 

identified as members of Tetraselmis spp. (marine isolates 46, 47 and 48) and a member 

of Cylindrospermum spp. (freshwater isolate 12). Algal species from DUT were confirmed 

to be S. platensis, D. salina, Chlorococcum spp, S. magmus and Chlorella spp. The 

remainder of the algal species was also viewed using the light microscope but were not 

further investigated in this study due to their minimal effect on growth. 

 

4.2. Prebiotic effect of aqueous algal extracts on the growth of probiotic 

bacteria 

4.2.1. Screening of marine and freshwater algal aqueous extracts for 

prebiotic activity  

The results presented in Figure 17 shows the effect of aqueous algal extracts on probiotic 

growth over 96 hours. A total of fifty-five aqueous algal extracts were assessed for their 

effect on the growth of L. lactis, B. longum and L. bulgaricus over a 96 hour period. 

Relative to the negative control, 34.5% algal extracts showed improved growth on one or 

more probiotic bacteria and their effect on each probiotic bacteria is reported. The time 

exposure for maximum bacterial growth was noted at 48 h for all tested aqueous algal 

extracts. 

 

4.2.1.1. Bifidobacterium longum 

Twenty-two percent aqueous algal extracts showed an effect on the growth of the B. 

longum as indicated in Figure 17A. An increased stimulation of B. longum was observed 
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to be much more evident after the 48 hour period. Aqueous algal extracts from Spirulina 

platensis had the highest growth stimulation as compared to the other aqueous algal 

extracts. Seventy-eight percent aqueous algal extracts showed no significant 

improvement on the growth of the B. longum (Appendix Table B2). Spirulina platensis, 

Chlorococcum and D. salina aqueous algal extracts had the highest stimulatory effect on 

the growth of B. longum when compared to the positive control inulin during the 96 hour 

period.  

 

4.2.1.2. Lactobacillus delbrueckii subsp. lactis 

Twenty-five percent aqueous algal extracts namely: aqueous algal extracts from S. 

platensis, Chlorococcum, Chlorella, S. magnus, D. salina exerted a stimulatory effect on 

the growth of L. lactis as compared to the negative control as indicated in Figure 17B. 

Seventy-five percent aqueous algal extracts exerted a lower stimulatory effect on L. lactis 

growth, as the growth was either similar or lower than that of the negative control 

(Appendix Table B1). Aqueous algal extracts from S. platensis, Chlorococcum, S. magnus, 

and D. salina demonstrated high stimulatory effect on the growth of L. lactis when 

compared to the positive control inulin. This can be deduced from the improvement on L. 

lactis growth over 96 hour period. 

 

4.2.1.3. Lactobacillus delbrueckii subsp. bulgaricus  

Lactobacillus bulgaricus growth was increased by 22% of tested aqueous algal extracts 

whereas 78% showed no significant growth improvement (Figure 17C). Aqueous algal 

extract no. 48, 43, 26, 25, 24, 23, 19, 18, 17 as well as S. platensis, Chlorococcum, 

Chlorella, S. magnus and D. salina aqueous algal extracts showed a greater stimulatory 

effect on the growth of L. bulgaricus when compared to the negative control. Aqueous 

algal extracts from S. platensis, Chlorococcum, S. magnus, and D. salina had a greater 

stimulatory effect on the growth of L. bulgaricus when compared to the prebiotic inulin. 
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Figure 17: Screening of algal extracts for prebiotic activity over 96 hours. 

(A) Growth of B. longum; (B) Growth of L. lactis; (C) Growth of L. bulgaricus 
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4.2.2. Evaluation prebiotic effect of aqueous algal extracts at 48 hour period 

4.2.2.1. Bifidobacterium longum 

The effect of aqueous algal extract no. 48, 28, 18, 17, 15, 1 as well as S. platensis, 

Chlorococcum, D. salina, S. magnus and chlorella aqueous algal extracts significantly 

increased the growth of B. longum when compared to the negative control (p < 0.05) 

(Appendix Table B4) as observed in Figure 18. Inulin, used as a positive control, 

stimulated a high number of B. longum cells when compared to all aqueous algal extracts, 

but S. plantesis aqueous algal extract. The initial viable cell numbers of B. longum were 

3.30 Log CFU/ml and after 48 h incubation with the aqueous algal extract from S. 

platensis and inulin, the growth percentage of B. longum increased by 170.3% 

(8.92±0.004 Log CFU/ml) and 196% (8.89±0.01Log CFU/ml) respectively (Appendix Table 

B4). Both aqueous algal extract from S. magmus and algal extract no. 48 increased the 

same number of cells (8.76 Log CFU/ml); indicating that they both had the same effect on 

B. longum. 
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Figure 18: Effect of aqueous algal extracts on B. longum after 48 h treatment 

Data are given as mean ± S.D for triplicates (Appendix Table B4) 
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4.2.2.2. Lactobacillus delbrueckii subsp. lactis      

The effect of aqueous algal extracts from S. platensis, Chlorococcum, D. salina, Chlorella, 

S. magnus and aqueous algal extract no. 15, 25, 28 and 48 significantly increased the 

growth of L. lactis (p < 0.05) (Table B5) when compared to the negative control as 

indicated in Figure 19. Spirulina platensis, Chlorococcum, D. salina, S. magnus and 

chlorella aqueous algal extracts had a greater stimulation on probiotic bacterial cells than 

inulin. S. platensis aqueous algal extract stimulated a high number of L. lactis cells when 

compared to all aqueous algal extracts, negative control and inulin. The initial viable cell 

count of L. lactis was 3.30 Log CFU/ml and after 48 h incubation with algal extracts, an 

increase in growth percentage was observed. The aqueous algal extract from S. platensis 

stimulated L. lactis by 172% (8.99±0.004 Log CFU/ml), whereas inulin, used as a positive 

control stimulated the growth of the same bacterium by 156.7% (8.47±0.03 CFU/ml) 

(Appendix Table B5). 
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 Figure 19: Effect of aqueous algal extracts on L. lactis after 48 h treatment 

Data are given as mean ± S.D for triplicates (Appendix Table B5) 
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4.2.2.3. Lactobacillus delbrueckii subsp. bulgaricus 

Aqueous algal extracts from S. platensis, Chlorococcum, D. salina, S. magnus and 

aqueous algal extract no. 48 significantly increased the growth of L. bulgaricus (p < 0.05) 

(Appendix Table B6) when compared to the negative control as shown in Figure 20. 

Aqueous algal extracts from Spirulina platensis, S. magnus, D. salina, Chlorococcum and 

algal extract no. 48 had a greater stimulation of L. bulgaricus bacterial cells than the 

positive control inulin. The aqueous algal extract from D. salina stimulated a high number 

of L. bulgaricus cells when compared to all aqueous algal extracts including the positive 

control inulin and the negative control. The initial viable cell count of L. bulgaricus was 

3.30 Log CFU/ml and after 48 h incubation with the algal extract from S. magnus, growth 

percentage increased by 168% (8.83±0.01 Log CFU/ml), whereas inulin, used as a 

positive control stimulated the growth of the same bacterium by 162% (8.65±0.05 

CFU/ml). Five marine and freshwater algal cultures (S. platensis, Chlorococcum, D. 

salina, S. magnus, Chlorella, algal extract no. 48) isolated from various aquatic 

environments in Kwa-Zulu Natal (CSIR) showed the best growth dynamics and 

demonstrated the greatest potential as sources of biomass for prebiotic production as they 

were able to significantly increase the growth of at least one of the three probiotic 

bacteria.        
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Figure 20: Effect of aqueous algal extracts on L. bulgaricus after 48 h treatment 

 

4.3. Characterization of oligosaccharides present in algal extract 

4.3.1. Identification of monosaccharide subunits of oligosaccharide by thin 

layer chromatography 

Thin layer chromatography (TLC) profile of hydrolysed aqueous algal extracts shown is 

shown in Figure 21. Five monosaccharide standards (glucose, xylose, glucuronic acid, 

fructose and galactose) formed clear banding patterns after derivitization with orcinol 

reagent and oven treatment. Aqueous algal extracts indicated carbohydrate fractions that 

comprised the oligosaccharide. These results showed that S. magnus (spot 7) and S. 

platensis (spot 8) had xylose and galactose, whereas galactose was detected in aqueous 

algal extract no. 48 (spot 6) after orcinol treatment. The chromatography did not show 

separation of glucose, fructose and glucuronic acid. None of the monosaccharide 

standards used were detected on Chlorococcum, D. salina and Chlorella algal extracts by 

TLC.  

Data are given as mean ± S.D for triplicates (Appendix Table B6) 
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Figure 21: TLC plate of hydrolysed algal extracts compared to five reference carbohydrate 
standards: 1 - Glucuronic acid; 2 – Fructose; 3 – Galactose; 4 - Xylose; 5- Glucose; 6 – Algal 
extract 48; 7 - S. magnus; 8 - S. Platensis 

 

4.3.2. Identification and quantification of algal oligosaccharide by High 

Performance Liquid Chromatography 

The separation profile of monosaccharides in aqueous algal extracts on the Hi-Plex H 

column is shown in Figure 22A, B and C. Three peaks were observed and compared with 

the monosaccharide standards (Appendix Figure B1) to confirm the monosaccharide 

identity of peaks. Aqueous algal extracts from S. magnus and S. platensis contained 

similar compounds at retention times of 3.28 and 2.56 min. These data indicated that 

xylose and galactose were present in aqueous algal extracts from S. magnus and S. 

platensis and galactose in aqueous algal extract no. 48. Xylose was most abundant in 

aqueous algal extracts from S. platensis (3mg/ml) and S. magnus (2.3mg/ml) (Table 5). 

The chromatography did not show separation of glucose, fructose and glucuronic acid. 

None of the monosaccharide standards used were detected on Chlorococcum, D. salina 

and Chlorella algal extracts by HPLC. 
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Table 5: Concentration and retention times of hydrolysed oligosaccharides present in algal 

extracts 

 

Algal extracts 

Concentration (mg/ml) Retention times (min) 

Xylose Galactose Xylose Galactose 

Spirulina platensis 3.0187 0.1660 2.56 3.28 

Scenedesmus magnus 2.2300 0.1020 2.56 3.27 

Algal extract no. 48 - 0.0001 - 3.27 
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Figure 22: Chromatograms of a Hi-Plex H column with RI detection, separation of monosaccharides in aqueous algal extracts. (A) S. magnus 
aqueous algal extract; (B) S. platensis aqueous algal extract; (C) Unknown aqueous algal extract No. 48 (Peaks: 1. xylose; 2. galactose)
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5. DISCUSSION 

5.1. Prebiotic effect of aqueous algal extracts on the growth of probiotic 

bacteria 

In order to demonstrate that lactic acid bacteria can effectively digest prebiotic compounds 

from algal sources or able to demonstrate bifidogenic effect, this study was carried out by 

using a batch culture technique containing aqueous algal extracts and probiotic bacteria.  

 

Growth enhancement of tested aqueous algal extracts on each bacterium was established 

by measuring cell density over 92 h (Figure 17A, B and C), and the maximum growth for 

each strain was obtained at 48 h. During the initial phase of bacterial growth, termed the 

lag phase, bacteria undergo intracellular alterations in response to the new environmental 

or cultural conditions they find themselves exposed to (Yates and Smotzer, 2007). The 

length of the lag phase is thus related to the time taken for and the manner with which the 

probiotic bacteria adapt to a new environment. Many factors influence the duration of lag 

time, including inoculum size, the physiological history of the cells, and the precise 

physiochemical environment of both the original and the new growth medium (Rolfe et al., 

2012; Swinnen et al., 2004). Such a theoretical model assisted in providing an insight into 

the stimulatory effect on probiotic bacteria due the presence of aqueous algal extracts. 

Due to various intracellular changes and adaptations, probiotic bacteria were still adjusting 

to their metabolism to enable degradation of complex oligosaccharides present in each 

aqueous algal extract during the lag phase. However some probiotic bacteria displayed a 

shorter lag phase as compared to other strains as a result of oligosaccharides present 

within algal cell structure. Aqueous algal extract comprising the oligosaccharide with 

longer degree of polymerization and slower fermentation rate enable byproducts produced 

to create an environment that is more favorable for the probiotic bacteria to utilize the 

oligosaccharide in the algal extract, thus enhancing bacterial growth. Aqueous algal 

extracts with longer lag phase than others indicate that the aqueous algal extract took 
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longer to adapt to the environment. Van De Wiee et al. (2007) reported that 

oligosaccharides with slower fermentation rate and longer degree of polymerization have 

higher prebiotic potency and beneficially influence the microbial community at both the 

proximal and distal regions of the colon. 

 

During the exponential growth phase (20 – 50 hrs), aqueous algal extracts displayed a 

clear prebiotic effect on probiotic bacterial growth (Figure 17A, B and C). Sierra et al. 

(2014) define the prebiotic effect as ‘‘stimulating the growth and/or activity of one or a 

limited number of bacteria in the colon, thus improving host health”. During this phase, the 

probiotic bacteria undergo rapid cell division, utilizing growth substances and nutrients in 

the growth medium for the purposes of metabolism (Yates and Smotzer, 2007). Algal 

species contains carbohydrates (De Philippis et al. 2001), therefore the carbohydrates 

from algal extracts provided an additional source of nutrients for conversion to energy 

required for the probiotic growth and metabolism, resulting in stimulation of probiotic 

bacterial growth (Behera and Varma, 2016). 

 

During the death phase of probiotic bacterial growth (51 – 96 hrs), the growth of probiotic 

bacteria declines in the presence of either aqueous algal extracts or inulin (Figure 17A, B 

and C). This was a result of high nutrients in aqueous algal extracts being consumed by 

the probiotic bacteria during the exponential phase, with little or no nutrient material left for 

subsequent growth stages. In some instances in the latter phase of the probiotic bacterial 

growth, after a decline of bacterial cells was observed, a slight increase in cell numbers 

for very few hours occurred but then declined thereafter. This can be explained by the fact 

that these probiotic bacteria tried to recover and begin to multiply, but failed to do so 

because of nutrient depletion, accumulation of inhibitory end products and lack of 

biological space (Madigan et al., 2003). 
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5.1.1. Evaluation of prebiotic effect of aqueous algal extracts at 48 hour 

period 

Aqueous algal extracts that exerted a greater stimulatory effect, i.e., by significantly 

increasing the growth of tested probiotic bacteria at 48 h were S. platensis on all three 

probiotic bacteria; D. salina, S. magus, Chlorococcum and Chorella on L. lactis; D. salina, 

S. magus, Chlorococcum and algal extract no. 48 on L. bulgaricus (p < 0.05) (Figure 20). 

These aqueous algal extracts significantly increased the growth of probiotic bacteria when 

compared to inulin, and were regarded as exhibiting prebiotic activity. A key and 

surprising observation in this study is the poor utilisation of inulin as a carbon source by 

probiotic bacteria given the widespread use of inulin as a prebiotic in commercial 

preparations. By contrast S. platensis algal extract was more utilised by probiotics both 

Lactobacillus and Bifidobacteria (Figure 18, 19 and 20). A study conducted by Adebola et 

al. (2014), also indicated that inulin is poorly utilised by Lactobacilli spp. as a carbon 

source yielding less growth of probiotic bacteria. 

 

Aqueous algal extracts from S. platensis, S.magnus, Chlorococcum, D.salina and algal 

extract no. 48 had significant effect on the growth of L. lactis, B. longum and L. bulgaricus 

when compared to the negative control (Figure 18, 19 and 20). Optimum growth was only 

achieved with specific combinations of probiotics and prebiotics as not all aqueous algal 

extracts tested increased the growth of probiotic bacteria. Aqueous algal extract from S. 

platensis was recognized as the best prebiotic source as it demonstrated a greater 

stimulatory effect on the growth L. lactis and L. bulgaricus in comparison to the positive 

control inulin (Figure 19 and 20). Bhowmik et al. (2007) also found that the growth of lactic 

acid bacteria was enhanced in the presence of S. platensis. Spirulina platensis biomass 

consumes nitrogen from the growth medium and releases extracellular carbohydrates and 

other growth substances which, may be responsible for stimulating growth of Lactobacilli 
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(and other lactic acid-producing strains) (Parada et al., 1998). Therefore S. platensis can 

potentially replace inulin (from chicory) as a prebiotic.  

 

Twenty-one percent aqueous algal extracts showed stimulatory effect on the growth of B. 

longum, L. lactis and L. bulgaricus as probiotic bacterial growth was enhanced; indicating 

that the algal extracts provided an additional source of nutrients for conversion to energy 

required for probiotic bacterial growth and metabolism. Inulin appears to have a greater 

stimulatory effect on the growth of probiotic when compared to most aqueous extracts 

prepared from algal species obtained from CSIR, especially on the growth of B. longum 

where all aqueous algal extracts except for S. platensis had a lower stimulatory effect 

(Figure 20). This highly defined prebiotic effect is consistent with growth results obtained 

by Pompei et al. (2008) wherein, the effect of inulin-type oligofructans on stimulating 

growth of Bifidobacteria was seen. In the same study, inulin and other highly soluble 

oligofructans significantly enhanced the growth of Bifidobacterial spp., including B. 

longum, B. infants, B. adolescentis and B. breve in the presence of inulin. Due to 

production of algal toxins and probiotic antimicrobial substances, 12.9% aqueous algal 

extracts had no stimulatory effect the growth of probiotic bacteria during the 48 h period. 

This resulted in cell death or at best inhibited of probiotic bacterial growth such as 

aqueous algal extract no. 26 on the growth of all three probiotic bacteria (Figure 18, 19 

and 20). The results obtained showed that inulin was the best prebiotic compound for 

stimulation of B. longum, whereas S. platensis aqueous algal extract was found to be the 

best prebiotic algal source for the stimulation L. lactis, B. longum and L. bulgaricus. 
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5.2. Characterization of oligosaccharides in algal extracts 

5.2.1. Identification and quantification of monosaccharide subunits of 

oligosaccharide by TLC and HPLC 

Monosaccharides of the oligosaccharide fraction from marine and freshwater algal 

extracts were investigated using TLC and HPLC after acidic hydrolysis of cell matrix 

polysaccharides. De Philippis et al. (2001) reported that polysaccharides that are 

commonly found in algae are consisting of glucose, rhamnose, galactose, xylose, 

glucuronic acid. However galactose and xylose were the only monosaccharides detected 

in the algal extracts. 

 

The presence of both xylose and galactose were observed in spots identified in S. 

platensis and S. magnus extracts, whereas for algal extract no. 48, only galactose was 

identified (Figure 21). The results obtained by HPLC for characterization confirmed TLC 

data, as xylose and galactose were detected by both chromatograms (Figure 21 and 22). 

The method used allowed for the detection of xylose and galactose, however glucose, 

fructose and glucuronic acid were not detected. The poor separation makes this method 

unsuitable for algal biomass derived monosaccharide quantification, also the poor 

resolution can cause misidentification of the monosaccharides found in microalgae. 

 

The low concentration of xylose and galactose in the S. platensis extract supports the 

report by Mikheiskaya et al. (1983) that galactose, mannose and xylose sugar units 

generally exist in very low quantities as part of the lipopolysaccharide. However it was 

anticipated that the concentration of these monosaccharides is much higher than what 

was detected in all three algal extracts (Table 5), but was insufficiently hydrolyzed with 

TFA hydrolysis conditions used. Since polysaccharides released by algae are complex 

and requires thorough hydrolysis for more efficient separation, a harsher HCl hydrolysis 

procedure would aid with this and subsequent quantification. A parametric study of 
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different hydrolysis conditions and acids is ongoing and will be reported in a future study. 

The use of a sonication procedure was found to be effective in polysaccharide extraction 

for its shorter time and higher yields and may be potentially useful for mass production of 

algal polysaccharides. 

 

The monosaccharides identified in these three algal extracts, i.e., S. platensis and D. 

salina and algal extract no 48 from various equatic environments in Kwa-Zulu Natal are a 

result of enhanced bacterial growth of probiotic bacteria. These algal extracts 

demonstrated the greatest potential as sources of biomass for prebiotic production. 

Therefore algal polysaccharides present a great potential for emergent prebiotics to be 

used directly, in the case of microalgae, or as dried biomass or nutraceuticals, after 

extraction from the biomass or from the culture medium. They may be included in food 

and/or feed, or administered as pills, for example. This enables us to tune these 

polysaccharides and produce novel prebiotics.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 72 

6. CONCLUSION 

Polysaccharides are regarded as key ingredients for the production of bio-based materials 

in life sciences (e.g., medical devices, pharmaceutics, food, cosmetics). There are an 

enormous variety of polysaccharides that can be synthetized and/or released by marine 

macroalgae and microalgae. Both these organisms are excellent sources of 

polysaccharides. The characteristics of some algal polysaccharides described above and 

the experimental results indicate that marine and freshwater algae-derived 

oligosaccharides can be considered an exciting and promising source of prebiotic 

production, but further investigations are imperative. In these in vitro anaerobic 

experiments there is clear evidence that not all symbiotic combinations may result in an 

increased probiotic survival and growth. It was concluded that, each prebiotic and 

probiotic is strain-specific or oligosaccharide specific. 

 

Our results showed that HPLC was able detect and accurately quantify 2 out of 5 sugars 

(glucuronic acid was not derivatized or detected under the reaction conditions tested). The 

inability to detect glucuronic acid limits complete carbohydrate quantification, as algal cells 

can contain large quantities of glucuronic acids. These chromatographic tools have 

allowed characterization of monosaccharides released after TFA hydrolysis of S. 

platensis, S. magnus and algal extract no. 48. Further work in structural carbohydrate 

release, either by chemical or enzymatic hydrolysis, will share light not only on the total 

carbohydrate content in these tested algae, but also on the structural understanding of 

algal polymeric carbohydrates. This knowledge can be applied to conversion and 

fermentation experimental work as well as guide research into cell wall degradation 

procedures to aid the release of soluble sugars.  

 

Thus, aqueous algal extracts from S. platensis, Chlorococcum, D. salina, S. magnus, 

Chlorella and algal extract no. 48 are potential sources for prebiotic production. Spirulina 
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platensis extract was regarded as the best algal source for prebiotic as it had a greater 

stimulatory effect on the growth of all three probiotic bacteria (L. lactis, B. longum and L. 

bulgaricus). Xylose and galactose characterized by HPLC in algal extracts make up 

oligosaccharides that function as prebiotic compounds for stimulation of probiotic bacteria. 

There is a great scope for successful production of prebiotics from algal sources in South 

Africa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 74 

7. REFERENCES  

ABU-REZQ, T. S., AL-HOOTI, S. & JACOB, D. A. 2010. Optimum culture conditions 

required for the locally isolated Dunaliella salina. Jabu Journal of Algal Biomass 

Utilization, 1, 12-19. 

ADEBOLA, O. O., CORCORAN, O. & MORGAN, W. A. 2014. Synbiotics: The impact of 

potential prebiotics inulin, lactulose and lactobionic acid on the survival and growth of 

lactobacilli probiotics. Journal of Functional Foods, 10, 75-84. 

AGUIRRE, M. & COLLINS, M. 1993. Lactic acid bacteria and human clinical infection. 

Journal of Applied Microbiology, 75, 95-107. 

AL-SHERAJI, S. H., ISMAIL, A., MANAP, M. Y., MUSTAFA, S., YUSOF, R. M. & 

HASSAN, F. A. 2013. Prebiotics as functional foods: A review. Journal of Functional 

Foods, 5, 1542-1553. 

AWAD, R., HAGRASS, A., SALAMA, W. M., ELMALEK, F. A. & ELDARDIRY, A. I. 2014. 

Lactulose production from milk permeate and its performance in healthy functional frozen 

yoghurt. World Journal of Dairy and Food Sciences, 9, 1-9. 

BABADZHANOV, A. S., ABDUSAMATOVA, N., YUSUPOVA, F. M., FAIZULLAEVA, N., 

MEZHLUMYAN, L. G. & MALIKOVA, M. K. 2004. Chemical composition of Spirulina 

platensis cultivated in Uzbekistan. Chemistry of Natural Compounds, 40, 276-279. 

BAQUERIZO NOLE, K. L., YIM, E. & KERI, J. E. 2014. Probiotics and prebiotics in 

dermatology. Journal of the American Academy of Dermatology, 71, 814-821. 

BARBOSA, T. M., SERRA, C. R., LA RAGIONE, R. M., WOODWARD, M. J. & 

HENRIQUES, A. O. 2005. Screening for Bacillus isolates in the broiler gastrointestinal 

tract. Applied and Environmental Microbiology, 71, 968-978. 

BAREA-ALVAREZ, M., BENITO, M. T., OLANO, A., JIMENO, M. L. & MORENO, F. J. 

2014. Synthesis and characterization of isomaltulose-derived oligosaccharides produced 



 

 

 75 

by transglucosylation reaction of Leuconostoc mesenteroides dextransucrase. Journal of 

Agricultural and Food Chemistry, 62, 9137-9144. 

BECKER, B., MELKONIAN, M. & KAMERLING, J. P. 1998 The cell wall (theca) of 

Tetraselmis striata (Chlorophyta): Macromolecular composition and structural elements of 

the complex polysaccharides. Journal of phycology, 34, 779-787. 

BECKER, B., LOMMERSE, J. P. M., MELKONIAN, M., KAMERLING, J. P. & 

VLIEGENTHART, J. F. G. 1995. The structure of an acidic trisaccharide component from 

a cell wall polysaccharide preparation of the green alga Tetraselmis striata Butcher. 

Carbohydrate Research, 267, 313-321. 

BECKER, B., BECKER, D., KAMERLING, J. P. & MELKONIAN, M. 1991. 2-Keto sugar 

acids in green flagellates: a chemical marker for prasinophycean scales. Journal of 

phyology, 27, 498–504. 

BEEREN, S. R. & HINDSGAUL, O. 2014. A fluorescence assay that detects long 

branches in the starch polysaccharide amylopectin. Chemical Communications, 50, 1530-

1532.  

BEETUL, K., GOPEECHUND, A., KAULLYSING, D., MATTAN-MOORGAWA, S., 

PUCHOOA, D. & BHAGOOLI, R. Challenges and opportunities in the present era of 

marine algal applications. 2016. InTechOpen, 237-276. 

BEHERA, B.K. & VARMA, A. 2016. Microbial resources for sustainable energy, Springer. 

BEHERA, S., KAR, S., MOHANTY, R.C. & RAY, R.C. 2010. Comparative study of bio-

ethanol production from mahula (Madhuca latifolia L.) flowers by Saccharomyces 

cerevisiae cells immobilized in agar and Ca-alginate matrices. Applied Energy, 87, 96-

100. 

BHOWMIK, D., DUBEY, J. & MEHRA, S. 2009. Probiotic efficiency of Spirulina platensis-

stimulating growth of lactic acid bacteria. World Journal of Dairy Food Science, 42, 160-

163. 



 

 

 76 

BERBEROGLU, H., GOMEZ, P. S. & PILON, L. 2009. Radiation characteristics of 

Botryococcus braunii, Chlorococcum littorale, and Chlorella sp. used for CO2 fixation and 

biofuel production. Journal of Quantitative Spectroscopy and Radiative Transfer, 110, 

1879-1893. 

BINNS, N. 2013. Probiotics, prebiotics and the gut microbiota, ILSI Europe. 

BOCANEGRA, A., BASTIDA, S., BENEDÍ, J., RÓDENAS, S. & SÁNCHEZ-MUNIZ, F. J. 

2009. Characteristics and nutritional and cardiovascular-health properties of seaweeds. 

Journal of Medicinal Food, 12, 236-258. 

BOLER, B. M. V. & FAHEY JR, G. C. 2012. Direct-Fed Microbials and Prebiotics for 

Animals: Prebiotics of Plant and Microbial Origin, Springer. 

BOYLE, E. C. & FINLAY, B. B. 2003. Bacterial pathogenesis: exploiting cellular 

adherence. Current 0pinion in Cell Biology, 15, 633-639. 

BRENNAN, L. & OWENDE, P. 2010. Biofuels from microalgae: A review of technologies 

for production, processing, and extractions of biofuels and co-products. Renewable and 

Sustainable Energy Reviews, 14, 557-577. 

BRINK, M. 2004. Market and product assessment of probiotics and prebiotics and 

probiotic strains for commercial use. Doctoral dissertation, Faculty of Interdisciplanary 

Health Sciences, Department of Human Nutrition, Stellenbosch University, Stellenbosch, 

South Africa. 

BUDDINGTON, R. 2009. Using Probiotics and Prebiotics to Manage the Gastrointestinal 

Tract Ecosystem. In: CHARALAMOPOPOULO, D. & RASTALL, R. A. 2009. Probiotics 

and Prebiotics Science and Technology, Springer. 

CARLUCCI, M., SCOLARO, L. & DAMONTE, E. 1999. Inhibitory action of natural 

carrageenans on herpes simplex virus infection of mouse astrocytes. Chemotherapy, 45, 

429-436. 

CHANDOK, H., SHAH, P., AKARE, U. R., HINDALA, M., BHADORIYA, S. S., RAVI, G., 

SHARMA, V., BANDARU, S., RATHORE, P. & NAYARISSERI, A. 2014. Screening, 



 

 

 77 

isolation and identification of probiotic producing Lactobacillus acidophilus strains 

EMBS081 & EMBS082 by 16S rRNA gene sequencing. Interdisciplinary Sciences: 

Computational Life Sciences, 6, 1-6. 

CHARALAMPOPOULOS, D. & RASTALL, R. A. 2012. Prebiotics in foods. Current 

Opinion in Biotechnology, 23, 187-191. 

CHILDS, C. E., RÖYTIÖ, H., ALHONIEMI, E., FEKETE, A. A., FORSSTEN, S. D., 

HUDJEC, N., LIM, Y. N., STEGER, C. J., YAQOOB, P., TUOHY, K. M., RASTALL, R. A., 

OUWEHAND, A. C. & GIBSON, G. R. 2014. Xylo-oligosaccharides alone or in synbiotic 

combination with Bifidobacterium animalis subsp. lactis induce bifidogenesis and 

modulate markers of immune function in healthy adults: A double-blind, placebo-

controlled, randomised, factorial cross-over study. British Journal of Nutrition, 111, 1945-

1956. 

COUTEAU, D., MCCARTNEY, A., GIBSON, G., WILLIAMSON, G. & FAULDS, C. 2001. 

Isolation and characterization of human colonic bacteria able to hydrolyse chlorogenic 

acid. Journal of Applied Microbiology, 90, 873-881. 

COURTOIS, J. 2009. Oligosaccharides from land plants and algae: production and 

applications in therapeutics and biotechnology. Current Opinion in Microbiology, 12, 261-

273. 

CRITTENDEN, R. G. & PLAYNE, M. J. 1996. Production, properties and applications of 

food-grade oligosaccharides. Trends in Food Science & Technology, 7, 353-361. 

CUMASHI, A., USHAKOVA, N. A., PREOBRAZHENSKAYA, M. E., D'INCECCO, A., 

PICCOLI, A., TOTANI, L., TINARI, N., MOROZEVICH, G. E., BERMAN, A. E. & BILAN, 

M. I. 2007. A comparative study of the anti-inflammatory, anticoagulant, antiangiogenic, 

and antiadhesive activities of nine different fucoidans from brown seaweeds. 

Glycobiology, 17, 541-552. 

CUMMINGS, J. & MACFARLANE, G. 2002. Gastrointestinal effects of prebiotics. British 

Journal of Nutrition, 87, 145-151. 



 

 

 78 

CUMMINGS, J. H., MACFARLANE, G. T. & ENGLYST, H. N. 2001. Prebiotic digestion 

and fermentation. The American Journal of Clinical Nutrition, 73, 415-420. 

CUTTING, S. M. 2011. Bacillus probiotics. Food Microbiology, 28, 214-220. 

DAI, J., WU, Y., CHEN, S.W., ZHU, S., YIN, H.P., WANG, M. and TANG, J. 2010. Sugar 

compositional determination of polysaccharides from Dunaliella salina by modified RP-

HPLC method of precolumn derivatization with 1-phenyl-3-methyl-5-

pyrazolone. Carbohydrate Polymers, 82, 629-635 

D’AYALA, G. G., MALINCONICO, M. & LAURIENZO, P. 2008. Marine derived 

polysaccharides for biomedical applications: chemical modification approaches. 

Molecules, 13, 2069-2106. 

DE JESUS RAPOSO, M.F., DE MORAIS, A.M.M.B. & DE MORAIS, R.M.S.C. 2016. 

Emergent Sources of Prebiotics: Seaweeds and microalgae. Marine Drugs, 14, 1-27. 

DE MORAIS, M. G., VAZ, B. D. S., DE MORAIS, E. G., & COSTA, J. A. V. 2015. 

Biologically active metabolites synthesized by microalgae. Biomedical Research 

International, 1-15. 

DE PHILIPPIS, R., SILI, C., PAPERI, R. & VINCENZINI, M. 2001. Exopolysaccharide-

producing cyanobacteria and their possible exploitation: A review. Journal of Applied 

Phycology, 13, 293-299. 

DE PHILIPPIS, R., ENA, A., PAPERI, R., SILI, C. & VINCENZINI, M. 2000. Assessment 

of the potential of Nostoc strains from the pasteur culture collection for the production of 

polysaccharides of applied interest. Journal of Applied Phycology, 12, 401-407. 

DE PHILIPPIS, R. & VINCENZINI, M. 1998. Exocellular polysaccharides from 

cyanobacteria and their possible applications. FEMS Microbiology Reviews, 22, 151-175. 

DE SOUSA, V. M. C., DOS SANTOS, E. F. & SGARBIERI, V. C. 2011. The importance of 

prebiotics in functional foods and clinical practice. Food and Nutrition Sciences, 2, 133-

144. 



 

 

 79 

DELZENNE, N. M. 2003. Oligosaccharides: state of the art. Proceedings of the Nutrition 

Society, 62, 177-182. 

DOERR, M., RITTER, G. & MEER, H. U. 2002. Flavor enhancement of beverages. U.S. 

Patent Application 10,050,756. 

DUNCAN, S. H. & FLINT, H. J. 2013. Probiotics and prebiotics and health in ageing 

populations. Maturitas, 75, 44-50. 

ELSAYED, A. I., RAFUDEEN, M. S. & GOLLDACK, D. 2014. Physiological aspects of 

raffinose family oligosaccharides in plants: protection against abiotic stress. Plant Biology, 

16, 1-8. 

EMAGA, T.H., RABETAFIKA, N., BLECKER, C.S. AND PAQUOT, M. 2012. Kinetics of 

the hydrolysis of polysaccharide galacturonic acid and neutral sugars chains from 

flaxseed mucilage. Biotechnology Agronomy Society Environment, 16, 139-147. 

ERKKILÄ, S. & PETÄJÄ, E. 2000. Screening of commercial meat starter cultures at low 

pH and in the presence of bile salts for potential probiotic use. Meat Science, 55, 297-300. 

FEI, B. B., LING, L., HUA, C. & REN, S. Y. 2014. Effects of soybean oligosaccharides on 

antioxidant enzyme activities and insulin resistance in pregnant women with gestational 

diabetes mellitus. Food Chemistry, 158, 429-432. 

FERNÁNDEZ, E. C., RAJCHL, A., LACHMAN, J., ČÍŽKOVÁ, H., KVASNIČKA, F., 

KOTÍKOVÁ, Z., MILELLA, L. & VOLDŘICH, M. 2013. Impact of yacon landraces cultivated 

in the Czech Republic and their ploidy on the short- and long-chain fructooligosaccharides 

content in tuberous roots. LWT - Food Science and Technology, 54, 80-86. 

FIGUEROA‐GONZÁLEZ, I., QUIJANO, G., RAMIREZ, G. & CRUZ‐GUERRERO, A. 2011. 

Probiotics and prebiotics: Perspectives and challenges. Journal of the Science of Food 

and Agriculture, 91, 1341-1348. 

FOSCHIA, M., PERESSINI, D., SENSIDONI, A. & BRENNAN, C. S. 2013. The effects of 

dietary fibre addition on the quality of common cereal products. Journal of Cereal Science, 

58, 216-227. 



 

 

 80 

FRANÇOIS, I. E., LESCROART, O., VERAVERBEKE, W. S., MARZORATI, M., 

POSSEMIERS, S., HAMER, H., WINDEY, K., WELLING, G. W., DELCOUR, J. A. & 

COURTIN, C. M. 2014. Effects of wheat bran extract containing arabinoxylan 

oligosaccharides on gastrointestinal parameters in healthy preadolescent children. Journal 

of Pediatric Gastroenterology and Nutrition, 58, 647-653. 

GANAPATHY, V., THANGARAJU, M., PRASAD, P. D., MARTIN, P. M. & SINGH, N. 

2013. Transporters and receptors for short-chain fatty acids as the molecular link between 

colonic bacteria and the host. Current Opinion in Pharmacology, 13, 869-874. 

GARRIDO, D., RUIZ-MOYANO, S., JIMENEZ-ESPINOZA, R., EOM, H. J., BLOCK, D. E. 

& MILLS, D. A. 2013. Utilization of galactooligosaccharides by Bifidobacterium longum 

subsp. infantis isolates. Food Microbiology, 33, 262-270. 

GEMMA, S., MOLTENI, M. & ROSSETTI, C. 2016. Lipopolysaccharides in Cyanobacteria: 

A brief overview. Advances in Microbiology, 6, 391-397. 

GERRITSEN, J., SMIDT, H., RIJKERS, G. T. & DE VOS, W. M. 2011. Intestinal 

microbiota in human health and disease: The impact of probiotics. Genes and Nutrition, 6, 

209-240. 

GIBSON, G. R. 2004. Fibre and effects on probiotics (the prebiotic concept). Clinical 

Nutrition Supplements, 1, 25-31. 

GIROD, S., BALDET-DUPY, P., MAILLOLS, H. & DEVOISSELLE, J.M. 2002. On-line 

direct determination of the second virial coefficient of a natural polysaccharide using size-

exclusion chromatography and multi-angle laser light scattering. Journal of 

Chromatography A, 943, 147-152. 

GISMONDO, M. R., DRAGO, L. & LOMBARDI, A. 1999. Review of probiotics available to 

modify gastrointestinal flora. International Journal of Antimicrobial Agents, 12, 287-292. 

GOURBEYRE, P. 2011. Probiotics, prebiotics, and synbiotics: impact on the gut immune 

system and allergic reactions. Journal of Leukocyte Biology, 89, 685-695. 



 

 

 81 

GREENWELL, H.C., LAURENS, L.M.L., SHIELDS, R.J., LOVITT, R.W. & FLYNN, K.J. 

2010. Placing microalgae on the biofuels priority list: A review of the technological 

challenges. Journal of the Royal Society Interface, 7, 1-24. 

GRIFFITHS, M.J. & HARRISON, S.T. 2009. Lipid productivity as a key characteristic for 

choosing algal species for biodiesel production. Journal of Applied Phycology, 21, 493-

507. 

HAO, W. L. & LEE, Y. K. 2004. Microflora of the gastrointestinal tract. Public Health 

Microbiology: Methods and Protocols, 268, 491-502. 

HARBORNE, J. B. 1973. Phytochemical methods: A guide to modern techniques of plant 

analysis. Chapman, London. 

HE, F., MORITA, H. & OUWEHAND, A. 2006. Bifidobacteria and Lactobacilli exhibited 

different mitogenic activity on murine splenocytes. International Journal of Probiotics and 

Prebiotics, 1, 77-82. 

KUMAR, G. P. & PUSHPA, H. 2012. A review on xylooligosaccharide. International 

Research Journal of Pharmacy, 8, 71-74. 

HELL, J., KNEIFEL, W., ROSENAU, T. & BOEHMDORFER, S. 2014. Analytical 

techniques for the elucidation of wheat bran constituents and their structural features with 

emphasis on dietary fiber: A review. Trends in Food Science and Technology, 35, 102-

113. 

HEMARAJATA, P. & VERSALOVIC, J. 2012. Effects of probiotics on gut microbiota: 

Mechanisms of intestinal immunomodulation and neuromodulation. Therapeutic Advances 

in Gastroenterology, 1, 39-51. 

HIJOVA, E. & CHMELAROVA, A. 2007. Short chain fatty acids and colonic health. 

Bratislavské Lekárske Listy, 108, 354-358. 

HO, S. H., CHEN, W. M. & CHANG, J. S. 2010. Scenedesmus obliquus CNW-N as a 

potential candidate for CO2 mitigation and biodiesel production. Bioresource Technology, 

101, 8725-8730. 



 

 

 82 

HOLZAPFEL, W. H. & SCHILLINGER, U. 2002. Introduction to pre- and probiotics. Food 

Research International, 35, 109-116.  

HOPKINS, M. J. & MACFARLANE, G. T. 2003. Nondigestible oligosaccharides enhance 

bacterial colonization resistance against Clostridium difficile in vitro. Applied and 

Environmental Microbiology, 69, 1920-1927.  

HOSSEINI, S. M. H., EMAM-DJOMEH, Z., RAZAVI, S. H., MOOSAVI-MOVAHEDI, A. A., 

SABOURY, A. A., MOHAMMADIFAR, M. A., FARAHNAKY, A., ATRI, M. S. & VAN DER 

MEEREN, P. 2013. Complex coacervation of β-lactoglobulin–k-Carrageenan aqueous 

mixtures as affected by polysaccharide sonication. Food Chemistry, 141, 215-222. 

HU, Q., KURANO, N., KAWACHI, M., IWASAKI, I. & MIYACHI, S. 1998. Ultrahigh-cell-

density culture of a marine green alga Chlorococcum littorale in a flat-plate 

photobioreactor. Applied Microbiology and Biotechnology, 49, 655-662. 

INTANON, M., ARREOLA, S.L., PHAM, N.H., KNEIFEL, W., HALTRICH, D. & NGUYEN, 

T.H. 2014. Nature and biosynthesis of galacto-oligosaccharides related to 

oligosaccharides in human breast milk. FEMS Microbiology Letters, 353, 89-97. 

ISOLAURI, E., SÜTAS, Y., KANKAANPÄÄ, P., ARVILOMMI, H. & SALMINEN, S. 2001. 

Probiotics: effects on immunity. The American Journal of Clinical Nutrition, 73, 444-450. 

IYER, C., KOSTERS, A., SETHI, G., KUNNUMAKKARA, A. B., AGGARWAL, B. B. & 

VERSALOVIC, J. 2008. Probiotic Lactobacillus reuteri promotes TNF‐induced apoptosis 

in human myeloid leukemia‐derived cells by modulation of NF‐κB and MAPK signalling. 

Cellular Microbiology, 10, 1442-1452. 

JAIN, M., GUPTA, K. & JAIN, P. 2014. Significance of probiotics and prebiotics in health 

and nutrition. Malaya Journal of Biosciences, 1, 181–195.  

JIMÉNEZ-ESCRIG, A. & SÁNCHEZ-MUNIZ, F. 2000. Dietary fibre from edible seaweeds: 

Chemical structure, physicochemical properties and effects on cholesterol metabolism. 

Nutrition Research, 20, 585-598. 



 

 

 83 

JOHN, D. M., WHITTON, B. A. & BROOK, A. J. 2002. The freshwater algal flora of the 

British Isles: an identification guide to freshwater and terrestrial algae, Cambridge 

University Press. 

KADAM, S. & PRABHASANKAR, P. 2010. Marine foods as functional ingredients in 

bakery and pasta products. Food Research International, 43, 1975-1980. 

KANG, J., KHAN, M., PARK, N., CHO, J., LEE, M., FUJII, H. & HONG, Y. 2008. 

Antipyretic, analgesic, and anti-inflammatory activities of the seaweed Sargassum 

fulvellum and Sargassum thunbergii in mice. Journal of Ethnopharmacology, 116, 187-

190. 

KELLAM, S. J. & WALKER, J. M. 2007. Antibacterial activity from marine microalgae in 

laboratory culture. British Phycological Journal, 24, 191-194. 

KIM, M., PARK, J., PARK, C., KIM, S., JEUNE, K., CHANG, M. & ACREMAN, J. 2007. 

Enhanced production of Scenedesmus spp. (green microalgae) using a new medium 

containing fermented swine wastewater. Bioresource Technology, 98, 2220-2228. 

KNUDSEN, K. E. B. & LI, B. W. 1991. Determination of oligosaccharides in protein-rich 

feedstuffs by gas-liquid chromatography and high-performance liquid chromatography. 

Journal of Agricultural and Food Chemistry, 39, 689-694. 

KOLIDA, S., TUOHY, K. & GIBSON, G.R. 2002. Prebiotic effects of inulin and 

oligofructose. British Journal of Nutrition, 87, 193-197. 

KONTULA, P., JASKARI, J., NOLLET, L., DE SMET, I., VON WRIGHT, A., POUTANEN, 

K. & MATTILA-SANDHOLM, T. 1998. The colonization of a simulator of the human 

intestinal microbial ecosystem by a probiotic strain fed on a fermented oat bran product: 

effects on the gastrointestinal microbiota. Applied Microbiology and Biotechnology, 50, 

246-252. 

KUMAR, S.A., MAGNUSSON, M., WARD, L.C., PAUL, N.A. & BROWN, L. 2015. A green 

algae mixture of Scenedesmus and Schroederiella attenuates obesity-linked metabolic 

syndrome in rats. Nutrients, 7, 2771-2787. 



 

 

 84 

KUMAR, G. P. & PUSHPA, H. 2012. A review on xylooligosaccharide. International 

Research Journal of Pharmacy, 8, 71-74. 

LAURENS, L.M., DEMPSTER, T.A., JONES, H.D., WOLFRUM, E.J., VAN WYCHEN, S., 

MCALLISTER, J.S., RENCENBERGER, M., PARCHERT, K.J. & GLOE, L.M. 2012. Algal 

biomass constituent analysis: method uncertainties and investigation of the underlying 

measuring chemistries. Analytical Chemistry, 84, 1879-1887. 

LAURENS, L.M., QUINN, M., VAN WYCHEN, S., TEMPLETON, D.W. & WOLFRUM, E.J. 

2012. Accurate and reliable quantification of total microalgal fuel potential as fatty acid 

methyl esters by in situ transesterification. Analytical and Bioanalytical Chemistry, 403, 

167-178. 

LEWANDOWSKA, M., 2010. Microbiota of human gastrointestinal tract. Food Chemistry 

and Biotechnology, 74, 39-50. 

LIM, Y. M., BARNES, M. B., GRAS, S. L., MCSWEENEY, C., LOCKETT, T., AUGUSTIN, 

M. A. & GOOLEY, P. R. 2014. Esterification of high amylose starch with short chain fatty 

acids modulates degradation by Bifidobacterium spp. Journal of Functional Foods, 6, 137-

146. 

LIU, Z., LIN, X., HUANG, G., ZHANG, W., RAO, P. & NI, L. 2014. Prebiotic effects of 

almonds and almond skins on intestinal microbiota in healthy adult humans. Anaerobe, 

26, 1-6. 

LIU, Y., WANG, W., ZANG, M., XING, P. & YANG, Z. 2010. PSII-efficiency, 

polysaccharide production, and phenotypic plasticity of Scenedesmus obliquus in 

response to changes in metabolic carbon flux. Biochemical Systematics and Ecology, 38, 

292-299. 

LÓPEZ-MOLINA, D., NAVARRO-MARTÍNEZ, M. D., ROJAS-MELGAREJO, F., HINER, A. 

N. P., CHAZARRA, S. & RODRÍGUEZ-LÓPEZ, J. N. 2005. Molecular properties and 



 

 

 85 

prebiotic effect of inulin obtained from artichoke (Cynara scolymus L.). Phytochemistry, 

66, 1476-1484. 

LORDAN, S., ROSS, R. P. & STANTON, C. 2011. Marine bioactives as functional food 

ingredients: potential to reduce the incidence of chronic diseases. Marine Drugs, 9, 1056-

1100.  

MADIGAN, M.T., MARTINKO, J.M. & PARKER, J. 2003. Microbial growth. Brock Biology 

of Microorganisms, 137-166. 

MAKSIMOVA, I.V., BRATKOVSKAYA, L.B. AND PLEKHANOV, S.E. 2004. Extracellular 

carbohydrates and polysaccharides of the alga Chlorella pyrenoidosa Chick S-39. Biology 

Bulletin of the Russian Academy of Sciences, 3, 175-181. 

MARY, Y. S., JOJO, P., VAN ALSENOY, C., KAUR, M., SIDDEGOWDA, M., 

YATHIRAJAN, H., NOGUEIRA, H. I. & CRUZ, S. 2014. Vibrational spectroscopic studies 

(FT-IR, FT-Raman, SERS) and quantum chemical calculations on cyclobenzaprinium 

salicylate. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 120, 

340-350. 

MATA, T. M., MARTINS, A. A. & CAETANO, N. S. 2010. Microalgae for biodiesel 

production and other applications: a review. Renewable and Sustainable Energy Reviews, 

14, 217-232. 

MCNICHOL, J., MACDOUGALL, K.M., MELANSON, J.E. & MCGINN, P.J. 2012. 

Suitability of soxhlet extraction to quantify microalgal fatty acids as determined by 

comparison with in situ transesterification. Lipids, 47,195-207. 

MIKHEISKAYA, L. V., OVODOVA, R. G. & OVODOV, Y. S. 1983. Polysaccharides from 

Spirulina platensis. Chemistry of Natural Compounds, 19, 127-131. 

MISHRA, A. & JHA, B. 2009. Isolation and characterization of extracellular polymeric 

substances from micro-algae Dunaliella salina under salt stress. Bioresource Technology, 

100, 3382-3386. 



 

 

 86 

MOHAMMADI, M., KAZERONI, N. & ABOLI, M.J. 2015. Fatty acid composition of the 

marine micro alga Tetraselmis chuii Butcher in response to culture conditions. Journal of 

Algal Biomass Utilazation. 2015, 6, 49- 55. 

MOHNL, D. 2015. Director competence center microbials. Science & Solutions, 1, 1-4. 

Accessed from www.biomin.net/uploads/tx_news/ART_No45_Probiotics_EN_0115 

MORIMOTO, M., TAKATORI, M., HAYASHI, T., MORI, D., TAKASHIMA, O., YOSHIDA, 

S., SATO, K., KAWAMOTO, H., TAMURA, J. I. & IZAWA, H. 2014. Depolymerization of 

sulfated polysaccharides under hydrothermal conditions. Carbohydrate Research, 384, 

56-60. 

MUMCU, A. & TEMIZ, A. 2014. Effects of prebiotics on growth and acidifying activity of 

probiotic bacteria. GIDA-Journal of Food, 39, 71-77. 

MUSSATTO, S. I. & MANCILHA, I. M. 2007. Non-digestible oligosaccharides: A review. 

Carbohydrate Polymers, 68, 587-597. 

NAIDOO, K. 2010. Enhanced production of inulinase from Xanthomonas campestris pv. 

phaseoli. Doctoral dissertation, Faculty of Applied Sciences, Department of Biotechnology 

and Food Tehnology, Durban University of Technology, Durban, South Africa. 

OHTA, A., MOTOHASHI, Y., OHTSUKI, M., HIRAYAMA, M., ADACHI, T. & SAKUMA, K. 

1998. Dietary fructooligosaccharides change the concentration of calbindin-D9k differently 

in the mucosa of the small and large intestine of rats. The Journal of Nutrition, 128, 934-

939. 

O’SULLIVAN, L., MURPHY, B., MCLOUGHLIN, P., DUGGAN, P., LAWLOR, P. G., 

HUGHES, H. & GARDINER, G. E. 2010. Prebiotics from marine macroalgae for human 

and animal health applications. Marine Drugs, 8, 2038-2064. 

PANESAR, P. S., KUMARI, S. & PANESAR, R. 2013. Biotechnological approaches for 

the production of prebiotics and their potential applications. Critical Reviews in 

Biotechnology, 33, 345-364. 



 

 

 87 

PANESAR, P.S., PANESAR, R., SINGH, R.S., KENNEDY, J.F. & KUMAR, H. 2006. 

Microbial production, immobilization and applications of β‐D‐galactosidase.Journal of 

Chemical Technology and Biotechnology, 81, 530-543. 

PARADA, J. L., ZULPA DE CAIRE, G., ZACCARO DE MULÉ, M. A. C. & STORNI DE 

CANO, M. M. 1998. Lactic acid bacteria growth promoters from Spirulina platensis. 

International Journal of Food Microbiology, 45, 225-228. 

PATEL, S. & GOYAL, A. 2011. Functional oligosaccharides: Production, properties and 

applications. World Journal of Microbiology and Biotechnology, 27, 1119-1128. 

PATEL, S. & GOYAL, A. 2012. The current trends and future perspectives of prebiotics 

research: A review. Biotechechnology, 2, 1-11. 

PESHEV, D. & VAN DEN ENDE, W. 2014. Fructans: Prebiotics and immunomodulators. 

Journal of Functional Foods, 8, 348-357. 

PETROVSKY, N. 2010. Inulin-a versatile polysaccharide: use as food chemical and 

pharmaceutical agent. Journal of Excipients and Food Chemicals, 1, 27-50. 

PLAZA, M., CIFUENTES, A. & IBÁÑEZ, E. 2008. In the search of new functional food 

ingredients from algae. Trends in Food Science and Technology, 19, 31-39. 

POMPEI, A., CORDISCO, L., RAIMONDI, S., AMARETTI, A., PAGNONI, U. M., 

MATTEUZZI, D. & ROSSI, M. 2008. In vitro comparison of the prebiotic effects of two 

inulin-type fructans. Anaerobe, 14, 280-286. 

PUGH, N., ROSS, S. A., ELSOHLY, H. N., ELSOHLY, M. A. & PASCO, D. S. 2001. 

Isolation of three high molecular weight polysaccharide preparations with potent 

immunostimulatory activity from Spirulina platensis, Aphanizomenon flos-aquae and 

Chlorella pyrenoidosa. Planta Medica, 67, 737-42. 

PYAR, H., LIONG, M. T. & PEH, K. 2013. Recent advances in probiotics and biomedical 

applications. Journal of Medical Sciences, 13, 601. 

QUIGLEY, E. M. M. 2010. Prebiotics and probiotics; modifying and mining the microbiota. 

Pharmacological Research, 61, 213-218. 



 

 

 88 

QUINTERO-VILLEGAS, M. I., AAM, B. B., RUPNOW, J., SORLIE, M., EIJSINK, V. G. & 

HUTKINS, R. W. 2013. Adherence inhibition of enteropathogenic Escherichia coli by 

chitooligosaccharides with specific degrees of acetylation and polymerization. Journal of 

Agricultural and Food Chemistry, 61, 2748-2754. 

REYED, R. M. 2007. Probiotics: A new strategies for prevention and therapy of diarrhea 

disease. Journal of Applied Sciences Research, 3, 291-299. 

ROLFE, M.D., RICE, C.J., LUCCHINI, S., PIN, C., THOMPSON, A., CAMERON, A.D., 

AASTON, M., STRINGER, M.F., BETTS, R.P., BARANYI, J. & PECK, M.W. 2012. Lag 

phase is a distinct growth phase that prepares bacteria for exponential growth and 

involves transient metal accumulation. Journal of Bacteriology, 194, 686-701. 

ROBERFROID, M. 2007. Prebiotics: The concept revisited. Journal of Nutrition, 137, 830-

837. 

RUBEL, I. A., PÉREZ, E. E., GENOVESE, D. B. & MANRIQUE, G. D. 2014. In vitro 

prebiotic activity of inulin-rich carbohydrates extracted from Jerusalem artichoke 

(Helianthus tuberosus L.) tubers at different storage times by Lactobacillus paracasei. 

Food Research International, 62, 59-65. 

RYCROFT, C. E., JONES, M. R., GIBSON, G. R. & RASTALL, R. A. 2001. A comparative 

in vitro evaluation of the fermentation properties of prebiotic oligosaccharides. Journal of 

Applied Microbiology, 91, 878-887. 

SAAD, N., DELATTRE, C., URDACI, M., SCHMITTER, J. M. & BRESSOLLIER, P. 2013. 

An overview of the last advances in probiotic and prebiotic field. LWT-Food Science and 

Technology, 50, 1-16. 

SAARELA, M., LÄHTEENMÄKI, L., CRITTENDEN, R., SALMINEN, S. & MATTILA-

SANDHOLM, T. 2002. Gut bacteria and health foods: The European perspective. 

International Journal of Food Microbiology, 78, 99-117. 



 

 

 89 

SAULNIER, D. M., SPINLER, J. K., GIBSON, G. R. & VERSALOVIC, J. 2009. 

Mechanisms of probiosis and prebiosis: Considerations for enhanced functional foods. 

Current Opinion in Biotechnology, 20, 135-141. 

SELVAKUMAR, P., ASHAKUMARY, L., HELEN, A. & PANDEY, A. 1996. Purification and 

characterization of glucoamylase produced by Aspergillus niger in solid state 

fermentation. Letters in Applied Microbiology, 23, 403-406. 

SEN, P., NATH, A., BHATTACHARJEE, C., CHOWDHURY, R. & BHATTACHARYA, P. 

2014. Process engineering studies of free and micro-encapsulated β-galactosidase in 

batch and packed bed bioreactors for production of galactooligosaccharides. Biochemical 

Engineering Journal, 90, 59-72. 

SENNI, K., PEREIRA, J., GUENICHE, F., DELBARRE-LADRAT, C., SINNQUIN, C., 

Ratiskol, J. & COLLIEC-JOUAULT, S. 2011. Marine polysaccharides: a source of 

bioactive molecules for cell therapy and tissue engineering. Marine Drugs, 9, 1664-1681. 

SERBAN, D. E. 2014. Gastrointestinal cancers: Influence of gut microbiota, probiotics and 

prebiotics. Cancer Letters, 345, 258-270. 

SHAH, N. H. 2014. Effect of health on Nutrition/Dairy Foods and Human Nutrition. 2014. 

The International Journal of Indian Psychology, 2, 60-64. 

SHAH, V., RAY, A., GARG, N. & MADAMWAR, D. 2000. Characterization of the 

extracellular polysaccharide produced by a marine cyanobacterium, Cyanothece sp. 

ATCC 51142, and its exploitation toward metal removal from solutions. Current 

Microbiology, 40, 274-278. 

SHEPHERD, R., ROCKEY, J., SUTHERLAND, I. W. & ROLLER, S. 1995. Novel 

bioemulsifiers from microorganisms for use in foods. Journal of Biotechnology, 40, 207-

217. 

SIERRA, C., BERNAL, M. J., BLASCO, J., MARTÍNEZ, R., DALMAU, J., ORTUÑO, I., 

ESPÍN, B., VASALLO, M. I., GIL, D. & VIDAL, M. L. 2014. Prebiotic effect during the first 

year of life in healthy infants fed formula containing GOS as the only prebiotic: A 



 

 

 90 

multicentre, randomised, double-blind and placebo-controlled trial. European Journal of 

Nutrition, 54, 89-99. 

ŠKALOUD, P., KALINA, T., NEMJOVA, K., DE CLERCK, O. & LELIAERT, F. 2013. 

Morphology and phylogenetic position of the freshwater green microalgae Chlorochytrium 

(Chlorophyceae) and Scotinosphaera. Journal of Phycology, 49,115-129. 

SKJÅNES, K., LINDBLAD, P. & MULLER, J. 2007. BioCO2: A multidisciplinary, biological 

approach using solar energy to capture CO2 while producing H2 and high value products. 

Biomolecular Engineering, 24, 405-413. 

SLAVIN, J. 2013. Fiber and prebiotics: mechanisms and health benefits.Nutrients, 5, 

1417-1435. 

SLOVER, C. M. & DANZIGER, L. 2008. Lactobacillus: A review. Clinical Microbiology 

Newsletter, 30, 23-27. 

SLUITER, J.B., RUIZ, R.O., SCARLATA, C.J., SLUITER, A.D & TEMPLETON, D.W. 

2010. Compositional analysis of lignocellulosic feedstocks: review and description of 

methods. Journal of Agricultural and Food Chemistry, 58, 9043-9053. 

SOININEN, T. H., JUKARAINEN, N., AURIOLA, S. O., JULKUNEN-TIITTO, R., 

KARJALAINEN, R. & VEPSÄLÄINEN, J. J. 2014. Quantitative metabolite profiling of 

edible onion species by NMR and HPLC-MS. Food Chemistry, 165, 499-505. 

SRIDEVI, V., SUMATHI, V., GURU PRASAD, M. & KUMAR, M. S. 2014. 

Fructooligosaccharides - type prebiotic: A review. Journal of Pharmacy Research, 8, 321-

330. 

SUÁREZ, E. R., KRALOVEC, J. A., NOSEDA, M. D., EWART, H. S., BARROW, C. J., 

LUMSDEN, M. D. & GRINDLEY, T. B. 2005. Isolation, characterization and structural 

determination of a unique type of arabinogalactan from an immunostimulatory extract of 

Chlorella pyrenoidosa. Carbohydrate Research, 340, 1489-1498. 



 

 

 91 

STANTON, C., GARDINER, G., MEEHAN, H., COLLINS, K., FITZGERALD, G., LYNCH, 

P.B. & ROSS, R.P. 2001. Market potential for probiotics. The American Journal of Clinical 

Nutrition, 73, 476-483. 

SUI, Z., GIZAW, Y. & BEMILLER, J. N. 2012. Extraction of polysaccharides from a 

species of Chlorella. Carbohydrate Polymers, 90, 1-7. 

SULLIVAN, Å. & NORD, C. E. 2002. The place of probiotics in human intestinal infections. 

International Journal of Antimicrobial Agents, 20, 313-319. 

SWENNEN, K., COURTIN, C. M. & DELCOUR, J. A. 2006. Non-digestible 

oligosaccharides with prebiotic properties. Critical Reviews in Food Science and Nutrition, 

46, 459-71. 

SWINNEN, I., BERNAERTS, K., DENS, E. J., GEERAERD, A. H. & VAN IMPE, J. 2004. 

Predictive modelling of the microbial lag phase: A review. International Journal of Food 

Microbiology, 94, 137-159. 

TALYSHINSKY, M. M., SOUPRUN, Y. Y. & HULEIHEL, M. M. 2002. Anti-viral activity of 

red microalgal polysaccharides against retroviruses. Cancer Cell International, 2, 1-8. 

TANABE, K., NAKAMURA, S. & OKU, T. 2014. Inaccuracy of AOAC method 2009.01 with 

amyloglucosidase for measuring non-digestible oligosaccharides and proposal for an 

improvement of the method. Food Chemistry, 151, 539-546. 

THAMMARUTWASIK, P., HONGPATTARAKERE, T., CHANTACHUM, S., 

KIJROONGROJANA, K., ITHARAT, A., REANMONGKOL, W., TEWTRAKUL, S. & 

OORAIKUL, B. 2009. Prebiotics: A review. Songklanakarin Journal of Science and 

Technology, 31, 401-408. 

THANTSHA, M. S. 2007. Cell immobilization techniques for the preservation of probiotics. 

Doctoral dissertation, Faculty of Natural and Agricultural Sciences, Department of 

Microbiology and Plant Pathology, University of Pretoria, Pretoria, South Africa. 



 

 

 92 

TOPPING, D. L. & CLIFTON, P. M. 2001. Short-chain fatty acids and human colonic 

function: Roles of resistant starch and nonstarch polysaccharides. Physiological reviews, 

81, 1031-1064. 

TORRES, D. P., GONÇALVES, M. D. P. F., TEIXEIRA, J. A. & RODRIGUES, L. R. 2010. 

Galacto‐oligosaccharides: Production, properties, applications, and significance as 

prebiotics. Comprehensive Reviews in Food Science and Food Safety, 9, 438-454. 

TRIPATHI, M. & GIRI, S. 2014. Probiotic functional foods: Survival of probiotics during 

processing and storage. Journal of Functional Foods, 9, 225-241. 

TUOHY, K. M., PINART-GILBERGA, M., JONES, M., HOYLES, L., MCCARTNEY, A. L. & 

GIBSON, G. R. 2007. Survivability of a probiotic Lactobacillus casei in the gastrointestinal 

tract of healthy human volunteers and its impact on the faecal microflora. Journal of 

Applied Microbiology, 102, 1026-1032. 

VAN DE WIEE, T., BOON, N., POSSEMIERS, S., JACOBS, H., & VERSTRAETE, W. 

2007. Inulin‐type fructans of longer degree of polymerization exert more pronounced in 

vitro prebiotic effects. Journal of Applied Microbiology, 102, 452-460. 

VAN DEN ENDE, W. 2013. Multifunctional fructans and raffinose family oligosaccharides. 

Frontiers in Plant Science, 4, 1-11. 

VAN DEN ENDE, W., PESHEV, D. & DE GARA, L. 2011. Disease prevention by natural 

antioxidants and prebiotics acting as ROS scavengers in the gastrointestinal tract. Trends 

in Food Science and Technology, 22, 689-697. 

VAN LAERE, K. 2000. Degradation of structurally different non-digestible 

oligosaccharides by intestinal bacteria: Glycosylhydrolases of Bifidobacterium 

adolescentis. Doctoral dissertation, Faculty of Food Technology, Department of 

Agrotechnology and Food Sciences, Wageningen University, Wageningen, The 

Netherlands. 

VARFOLOMEEV, S. & WASSERMAN, L. 2011. Microalgae as source of biofuel, food, 

fodder, and medicines. Applied Biochemistry and Microbiology, 47, 789-807. 



 

 

 93 

VINDEROLA, G., MATAR, C. & PERDIGÓN, G. 2007. Milk fermentation products of L. 

helveticus R389 activate calcineurin as a signal to promote gut mucosal immunity. BMC 

Immunology, 8, 19. 

VOLTAN, S., CASTAGLIUOLO, I., ELLI, M., LONGO, S., BRUN, P., D'INCÀ, R., 

PORZIONATO, A., MACCHI, V., PALU, G. & STURNIOLO, G. C. 2007. Aggregating 

phenotype in Lactobacillus crispatus determines intestinal colonization and TLR2 and 

TLR4 modulation in murine colonic mucosa. Clinical and Vaccine Immunology, 14, 1138-

1148. 

VORAGEN, A. G. J. 1998. Technological aspects of functional food-related 

carbohydrates. Trends in Food Science and Technology, 9, 328-335. 

WARRAND, J. 2006. Healthy polysaccharides. Food Technology. Biotechology, 44, 355-

370. 

WHELAN, K. 2014. Prebiotics and gastrointestinal health. Advanced Nutrition and 

Dietetics in Gastroenterology, 87-92. 

WIJESEKARA, I., PANGESTUTI, R. & KIM, S. K. 2011. Biological activities and potential 

health benefits of sulfated polysaccharides derived from marine algae. Carbohydrate 

Polymers, 84, 14-21. 

WIJFFELS, R.H. & BARBOSA, M.J. 2010. An outlook on microalgal biofuels. Science, 

329, 796-799. 

WITTKE, A., BANAVARA, D. & MUNOZ, C. 2014. Use of nutritional compositions 

including lactoferrin and one or more prebiotics in inhibiting adhesion of pathogens in the 

gastrointestinal tract. U.S. Patent Application 8,648,036. 

XIE, Q. S., YIN, H. P., CHEN, X., XIE, C. H., & WANG, M. 2005. The primary structure 

and characterization analysis of the polysaccharide from D. salina. Pharmaceutical 

Biotechnology, 12, 242–247.  



 

 

 94 

XUE, Q. R., YIN, H. P., WANG, M. & XU, Y. 2003. Isolation, purification and chemical 

properties of the polysaccharides from D. salina. Pharmaceutical Biotechnology, 10, 96–

99. 

YALCIN, I., HICSASMAZ, Z., BOZ, B. & BOZOGLU, F. 1994. Characterization of the 

extracellular polysaccharide from freshwater microalgae Chlorella sp. LWT - Food 

Science and Technology, 27, 158-165. 

YASUDA, E., SERATA, M. & SAKO, T. 2008. Suppressive effect on activation of 

macrophages by Lactobacillus casei strain Shirota genes determining the synthesis of cell 

wall-associated polysaccharides. Applied and Environmental Microbiology, 74, 4746-

4755. 

YATES, G. T. & SMOTZER, T. 2007. On the lag phase and initial decline of microbial 

growth curves. Journal of Theoretical Biology, 244, 511-517. 

YUAN, Y. V. & WALSH, N. A. 2006. Antioxidant and antiproliferative activities of extracts 

from a variety of edible seaweeds. Food and Chemical Toxicology, 44, 1144-1150. 

ZHOU, X., RUAN, Z., HUANG, X., ZHOU, Y., LIU, S. & YIN, Y. 2014. The prebiotic 

lactosucrose modulates gut metabolites and microbiota in intestinal inflammatory rats. 

Food Science and Biotechnology, 23, 157-163. 

 

 

 

 

 

 

 

 

 



 

 

 95 

8. APPENDICES 

APPENDIX A: METHODOLODY 

AF6 media preparation  

All the ingredients except the vitamin stock solution were added to distilled water (dH2O) 

to make 100 ml. The medium was autoclaved at 121°C for 15 min and allowed to cool. 

Prior to being added into the medium, the vitamin stock was filter sterilized. 

 

Table A1: AF6 media composition 

Compound  Quality used (g/L) 

Fe-citrate  0.002 

Citric Acid 0.002 

NaNo3 0.14 

NH4NO3 0.022 

MgSO4.7H2O 0.03 

KH2PO4 0.01 

KH2PO4 0.005 

CaCl2 0.01 

Bacteriological  Agar 15 

Trace Metal Solution   1 ml 

Vitamin Solution (pH 6.6) 1 ml 

Distilled water Up to 1000ml 

 

Table A2: Trace metal stock solution 

Compound Quality Used (g/L 

FeCl3.6H2O 0.98 

ZnSO4.7H2O 0.11 

CoCl2.6H2O 0.02 

MnCl2.4H2O 0.18 

Na2MoO4.2H2O 0.01 

Na2EDTA.2H2O 5 

 

Table A3: Vitamin stock solution 

Compound  Quality used (mL) 

B-12 (0.0114 g/10 ml) 1  

Biotin (0.0104 g/100 ml) 1 

Thiamine-HCl 200  
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ASW media preparation 

Each of anhydrous and hydrous salts were dissolved separately in 300 ml of dH20 and 

these two solutions were then be combined (dissolved while continuously mixing using a 

magnetic stirrer).  

To this solution each nutrient was added and 0.5 ml of trace metal stock solutions and 0.5 

ml of Fe/EDTA stock was added. This was autoclaved at 121°C for 15min. Thereafter the 

vitamin solution was added after sterilization to avoid degradation of the vitamins.  

Table A4: Hydrous and anhydrous salt solutions  

Compound  

anhydrous salts  

Unit  50%ASW (ASP) Concentration in 
final medium (M) 

Nacl g/l
 

0.98  

ZnSO4.7H2O g/l
 

0.11  

CoCl2.6H2O g/l
 

0.02  

MnCl2.4H2O g/l
 

0.18  

Na2MoO4.2H2O g/l
 

0.01  

Na2EDTA.2H2O g/l
 

5  

Compound Unit 50%ASW (ASP) Concentration in 
final medium (M) 

Anhydrous salts    

NaCl g/l 13.98 2.39 x 10
-1

 

KCl g/l 0.39 9.97 x 10
-3

 

NaHCO3 g/l 0.2 2.38 x 10
-3

 

H3BO3 g/l 0.6 9.71 x 10
-4

 

    

Hydrous salts    

MgCl2.6H2O g/l 2.6 1.28 x 10
-2

 

MgSO4.7H2O g/l 3.56 1.45 x 10
-2

 

CaCl2.H2O g/l 0.77 5.24 x 10
-3

 

 

Table A5: Major nutrient stock preparation 

 

 

Compound Stock solution  Quantity to be 
used 

50%ASW (ASP) Concentration in 

final Medium (M) 

 (g/l dH2O)  (g/l)  

Na2SiO3.9H2O 60.82 5 ml 0.3 1.05 x 10-3 

NaNO3 149.6 1 ml  0.14 1.65 x 10-3 

NaH2PO4 8.8 0.5 ml 0.04 3.33 x 10-4 
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Table A6: Trace metal stock preparation 

Compound g/200 ml 

CuSO4.5H2O 3.92 

ZnSO4.7H2O 8.8 

CoCl2.6H2O 4 

MnCl2.4H2O 72 

Na2MoO4.2H2O 2.52 

Na2EDTA.2H2O 0.41 

 

Individual 200 ml stocks of the first components were prepared; thereafter 250 microlitres 

of each of stocks was added to 200 ml water. 0.41g of Na2EDTA was added and this 

solution was boiled for 3 min and thereafter cooled at room temperature. The volume was 

adjusted to 205 ml. Half a ml of this solution was added to all media formulated. EDTA 

was stored away from light at 4°C 

Table A7: EDTA stock preparation 

Compound g/L 

FeC6H5O7 5.71 

Na2EDTA.2H2O 17.35 

 

Ingredients will be dissolved in 800 ml of dH2O and neutralized using 5 N NaOH. The 

stock will be boiled to dissolve compounds, cooled, and then adjust to a volume of 1L. 0.5 

ml of this solution will be added to all media formulated. 

Table A8: Preparation of vitamin stock 

Compound Quantity (mg/L) 

Thiamine  200 

B-12 1 

 

Primary stocks of B-12 (11.4 mg/ml) and biotin (10.4 mg/100 ml) were initially prepared. 

The biotin mixture required the pH to be adjusted to 10 in order to dissolve. All stocks 

were adjusted to pH 4.5 – 5.0 using 5 N sodium hydroxide (NaOH) and made up to final 

volume of 1L and stored at 4°C. The vitamin stock was prepared by adding: 1 ml of biotin 
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stock; 0.1 ml B-12 primary stock, and 20 mg thiamine HCl in 100 ml water. 0.5ml of this 

solution was added to all media formulated. 

Table A9: Zarrouks media preparation (Parada et al., 1998) 

Compound Quantity (g/L)  

NaHCO3  16.8  

KH2PO4  0.5  

NaNO3  2.5  

K2SO4  1  

MgSO4.7H2O  0.2  

NaCl 1  

CaCl2  0.04  

FeSO4.7H2O  0.01  

EDTA.Na2  0.08  

Trace metals  4 ml  

Trace metals  g/l  

H3BO3  2.86  

MnCl2.4H2O 1.13  

ZnSO4.7H2O  0.222  

CuSO4.5H2O 0.079  

NaMoO4.5H2O  0.39  

CO(NO3)2.6H2O  0.049  

 

Preparation of MRS broth 

MRS broth was prepared by suspending 50 g of MRS broth in one litre of distilled water 

and allowed to stand for 15 min to allow the media to dissolve. After the media had 

dissolved, it was sterilized by autoclaving at 121°C for 15 min. After the media had cooled 

sufficiently, it was used immediately.  

Preparation of MRS agar 

MRS Agar was prepared by suspending 74.5 g of MRS Agar in one litre of distilled water 

and boiled until the media had completely dissolved; it was sterilized by autoclaving at 

121°C for 15 min. After the media had cooled, it was poured into Petri dishes and allowed 

to set. The plates were then stored at 4°C. 

Preparation of orcinol reagent 

Eighty mg of Orcine-Monohydrate (Sigma) was dissolved in 160 ml acetone and 8 ml of 

concentrated sulphuric acid was added. 
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APPENDIX B: RESULTS 

Table B1: Spectrophotometric measurements of the algal extracts on L. lactis. 

Time (Hours) 0 24 48 72 96 

Negative control 0.498 0.593 0.661 0.555 0.543 

Positive control 0.499 0.612 0.752 0.591 0.577 

S. platensis 0.452 0.798 0.81 0.6 0.589 

Chlorella 0.472 0.59 0.631 0.538 0.581 

D. salina 0.455 0.583 0.611 0.599 0.573 

Chlorococcum 0.4800 0.498 0.599 0.45 0.432 

S. magnus 0.483 0.523 0.577 0.569 0.555 

Algal extract no.1 0.488 0.61 0.619 0.594 0.584 

Algal extract no.2 0.479 0.601 0.675 0.597 0.588 

Algal extract no.3 0.466 0.593 0.694 0.523 0.493 

Algal extract no.4 0.485 0.617 0.703 0.578 0.568 

Algal extract no.5 0.461 0.611 0.600 0.547 0.533 

Algal extract no.6 0.473 0.598 0.822 0.573 0.567 

Algal extract no.7 0.457 0.493 0.593 0.472 0.47 

Algal extract no.8 0.456 0.501 0.582 0.463 0.462 

Algal extract no.9 0.455 0.522 0.578 0.465 0.463 

Algal extract no.10 0.456 0.562 0.577 0.511 0.506 

Algal extract no.11 0.459 0.580 0.590 0.500 0.597 

Algal extract no.12 0.451 0.593 0.611 0.475 0.470 

Algal extract no.13 0.467 0.577 0.621 0.469 0.463 

Algal extract no.14 0.478 0.567 0.584 0.467 0.462 

Algal extract no.15 0.466 0.589 0.599 0.562 0.572 

Algal extract no.16 0.457 0.587 0.623 0.584 0.580 

Algal extract no.17 0.472 0.573 0.601 0.498 0.495 

Algal extract no.18 0.458 0.589 0.633 0.499 0.494 

Algal extract no.19 0.457 0.551 0.587 0.523 0.520 

Algal extract no.20 0.469 0.573 0.593 0.561 0.559 

Algal extract no.21 0.521 0.574 0.584 0.562 0.559 

Algal extract no.22 0.453 0.573 0.584 0.562 0.458 

Algal extract no.23 0.458 0.578 0.582 0.564 0.455 

Algal extract no.24 0.500 0.531 0.593 0.501 0.458 

Algal extract no.25 0.501 0.523 0.585 0.463 0.459 

Algal extract no.26 0.488 0.511 0.897 0.759 0.622 

Algal extract no.27 0.493 0.525 0.588 0.464 0.460 

Algal extract no.28 0.452 0.515 0.574 0.461 0.461 

Algal extract no.29 0.498 0.593 0.661 0.555 0.543 

Algal extract no.30 0.499 0.612 0.752 0.591 0.577 

Algal extract no.31 0.452 0.798 0.810 0.600 0.589 

Algal extract no.32 0.472 0.59 0.631 0.538 0.581 

Algal extract no.33 0.455 0.583 0.611 0.599 0.573 
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Algal extract no.34 0.480 0.498 0.599 0.450 0.432 

Algal extract no.35 0.483 0.523 0.577 0.569 0.555 

Algal extract no.36 0.488 0.61 0.619 0.594 0.584 

Algal extract no.37 0.479 0.601 0.675 0.597 0.588 

Algal extract no.38 0.466 0.593 0.694 0.523 0.493 

Algal extract no.39 0.485 0.617 0.703 0.578 0.568 

Algal extract no.40 0.461 0.611 0.600 0.547 0.533 

Algal extract no.41 0.473 0.598 0.822 0.573 0.567 

Algal extract no.42 0.457 0.493 0.593 0.472 0.470 

Algal extract no.43 0.456 0.501 0.582 0.463 0.462 

Algal extract no.44 0.455 0.522 0.578 0.465 0.463 

Algal extract no.45 0.456 0.562 0.577 0.511 0.506 

Algal extract no.46 0.459 0.580 0.590 0.500 0.597 

Algal extract no.47 0.451 0.593 0.611 0.475 0.470 

Algal extract no.48 0.467 0.577 0.621 0.469 0.463 

Algal extract no.49 0.478 0.567 0.584 0.467 0.462 

Algal extract no.50 0.466 0.589 0.599 0.562 0.572 

 

Table B2: Spectrophotometric measurements of the algal extracts on B. longum 

 

Time (Hours) 0 24 48 72 96 

Negative control 0.462 0.781 0.874 0.722 0.711 

Positive control 0.466 0.982 1.801 1.621 1.301 

S. platensis 0.49 1.6 1.811 1.577 1.32 

Chlorella 0.495 1.288 1.629 1.581 1.617 

D. salina 0.491 1.283 1.367 1.229 1.033 

Chlorococcum 0.499 1.271 1.366 1.212 1.038 

S. magnus 0.463 0.66 1.728 1.63 1.251 

Algal extract no.1 0.463 0.802 0.991 0.831 0.822 

Algal extract no.2 0.465 0.955 0.973 0.923 0.899 

Algal extract no.3 0.499 0.972 0.989 0.978 0.939 

Algal extract no.4 0.467 0.938 0.964 0.921 0.878 

Algal extract no.5 0.466 0.953 0.964 0.949 0.922 

Algal extract no.6 0.466 0.949 0.953 0.937 0.925 

Algal extract no.7 0.469 0.957 0.969 0.942 0.933 

Algal extract no.8 0.463 0.969 0.971 0.961 0.753 

Algal extract no.9 0.471 0.966 0.971 0.952 0.934 

Algal extract no.10 0.461 0.967 0.975 0.952 0.951 

Algal extract no.11 0.477 0.988 0.991 0.922 0.977 

Algal extract no.12 0.483 0.881 0.891 0.879 0.869 

Algal extract no.13 0.491 0.873 0.911 0.87 0.869 

Algal extract no.14 0.483 0.79 0.887 0.782 0.78 

Algal extract no.15 0.472 0.789 1.22 0.913 0.895 

Algal extract no.16 0.477 0.784 0.883 0.737 0.71 
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Algal extract no.17 0.462 0.79 1.201 0.995 0.879 

Algal extract no.18 0.45 0.784 1.221 1.111 0.988 

Algal extract no.19 0.55 0.785 0.894 0.794 0.812 

Algal extract no.20 0.493 0.788 0.923 0.81 0.815 

Algal extract no.21 0.486 0.78 0.982 0.772 0.786 

Algal extract no.22 0.481 0.783 0.97 0.753 0.742 

Algal extract no.23 0.463 0.787 0.985 0.762 0.753 

Algal extract no.24 0.477 0.782 0.899 0.787 0.798 

Algal extract no.25 0.455 0.786 0.962 0.821 0.808 

Algal extract no.26 0.467 0.784 0.976 0.799 0.789 

Algal extract no.27 0.471 0.791 0.953 0.754 0.75 

Algal extract no.28 0.481 0.789 1.342 1.031 0.969 

Algal extract no.29 0.471 0.455 0.478 0.453 0.451 

Algal extract no.30 0.463 0.462 0.522 0.452 0.451 

Algal extract no.31 0.465 0.482 0.588 0.473 0.462 

Algal extract no.32 0.468 0.494 0.593 0.484 0.463 

Algal extract no.33 0.473 0.483 0.49 0.472 0.469 

Algal extract no.34 0.471 0.492 0.523 0.478 0.472 

Algal extract no.35 0.466 0.458 0.563 0.455 0.45 

Algal extract no.36 0.473 0.49 0.497 0.477 0.468 

Algal extract no.37 0.469 0.534 0.593 0.493 0.482 

Algal extract no.38 0.475 0.478 0.524 0.462 0.459 

Algal extract no.39 0.473 0.499 0.573 0.467 0.457 

Algal extract no.40 0.476 0.562 0.582 0.459 0.457 

Algal extract no.41 0.469 0.551 0.561 0.498 0.485 

Algal extract no.42 0.476 0.491 0.564 0.476 0.466 

Algal extract no.43 0.465 0.653 0.688 0.591 0.489 

Algal extract no.44 0.463 0.663 0.674 0.559 0.482 

Algal extract no.45 0.472 0.667 0.675 0.568 0.493 

Algal extract no.46 0.481 0.669 0.679 0.599 0.477 

Algal extract no.47 0.45 0.665 0.678 0.572 0.469 

Algal extract no.48 0.495 1.629 1.783 1.61 1.511 

Algal extract no.49 0.490 0.660 0.678 0.577 0.491 

Algal extract no.50 0.495 0.671 0.674 0.565 0.499 

 

 

Table B3: Spectrophotometric measurements of algal extracts on L. bulgaricus 

Time (Hours) 0 24 48 72 96 

Negative control 0.498 0.58 0.59 0.498 0.478 

Positive control 0.5 0.723 0.933 0.877 0.752 

S. platensis 0.463 1.284 1.599 1.192 1.163 

Chlorella 0.468 0.865 0.911 0.896 0.856 
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D.salina 0.461 1.12 1.266 1.249 1.222 

Chlorococcum 0.465 1.28 1.279 1.268 1.214 

S.magnus 0.466 1.421 1.652 1.332 1.111 

Algal extract no.1 0.452 0.481 0.491 0.452 0.417 

Algal extract no.2 0.477 0.489 0.599 0.466 0.452 

Algal extract no.3 0.451 0.533 0.671 0.482 0.433 

Algal extract no.4 0.493 0.549 0.554 0.501 0.482 

Algal extract no.5 0.485 0.492 0.539 0.481 0.473 

Algal extract no.6 0.452 0.478 0.525 0.485 0.472 

Algal extract no.7 0.499 0.511 0.573 0.492 0.461 

Algal extract no.8 0.488 0.602 0.616 0.529 0.457 

Algal extract no.9 0.478 0.493 0.534 0.444 0.453 

Algal extract no.10 0.457 0.489 0.604 0.455 0.463 

Algal extract no.11 0.467 0.471 0.576 0.478 0.459 

Algal extract no.12 0.452 0.457 0.557 0.462 0.451 

Algal extract no.13 0.452 0.455 0.492 0.423 0.403 

Algal extract no.14 0.491 0.593 0.599 0.511 0.401 

Algal extract no.15 0.465 0.582 0.583 0.534 0.452 

Algal extract no.16 0.481 0.671 0.674 0.572 0.423 

Algal extract no.17 0.477 0.694 0.699 0.555 0.482 

Algal extract no.18 0.494 0.622 0.634 0.6 0.481 

Algal extract no.19 0.454 0.611 0.677 0.67 0.485 

Algal extract no.20 0.452 0.623 0.623 0.592 0.461 

Algal extract no.21 0.467 0.666 0.642 0.632 0.477 

Algal extract no.22 0.49 0.678 0.673 0.566 0.454 

Algal extract no.23 0.478 0.691 0.689 0.625 0.596 

Algal extract no.24 0.483 0.684 0.687 0.651 0.612 

Algal extract no.25 0.4732 0.682 0.687 0.677 0.668 

Algal extract no.26 0.431 0.591 0.674 0.668 0.644 

Algal extract no.27 0.46 0.577 0.582 0.511 0.463 

Algal extract no.28 0.438 0.577 0.58 0.573 0.473 

Algal extract no.29 0.498 0.584 0.589 0.555 0.552 

Algal extract no.30 0.479 0.573 0.592 0.56 0.564 

Algal extract no.31 0.469 0.584 0.595 0.57 0.573 

Algal extract no.32 0.477 0.592 0.596 0.581 0.584 

Algal extract no.33 0.466 0.579 0.589 0.564 0.566 

Algal extract no.34 0.468 0.589 0.591 0.575 0.578 

Algal extract no.35 0.489 0.594 0.601 0.584 0.586 

Algal extract no.36 0.47 0.583 0.59 0.572 0.57 

Algal extract no.37 0.475 0.594 0.597 0.58 0.578 

Algal extract no.38 0.467 0.595 0.599 0.585 0.582 

Algal extract no.39 0.481 0.58 0.598 0.579 0.577 

Algal extract no.40 0.466 0.586 0.594 0.578 0.573 

Algal extract no.41 0.471 0.587 0.592 0.569 0.562 

Algal extract no.42 0.475 0.588 0.59 0.579 0.575 
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Algal extract no.43 0.465 0.681 0.673 0.681 0.679 

Algal extract no.44 0.469 0.594 0.589 0.499 0.482 

Algal extract no.45 0.493 0.582 0.59 0.501 0.491 

Algal extract no.46 0.473 0.573 0.594 0.511 0.497 

Algal extract no.47 0.484 0.578 0.601 0.504 0.484 

Algal extract no.48 0.462 0.581 1.201 1.003 0.949 

Algal extract no.49 0.493 0.585 0.599 0.498 0.488 

Algal extract no.50 0.488 0.593 0.595 0.505 0.481 

  

Table B4: The effect of algal extracts on the growth of B. longum at 48 hour period 

 Log CFU/ml   

Algal extracts Plate 1 Plate 2 Plate 
3 

Average STDev P values 

S. platensis 8.92 8.93 8.91 8.92 0.007939 2.90E-05 

S. magnus 8.74 8.76 8.77 8.76 0.015245 5.70E-05 

Algal extract no. 48 8.76 8.75 8.76 8.76 0.00762 1.82E-04 

Chlorella 8.68 8.72 8.72 8.70 0.02007 4.80E-04 

Chlorococcum 8.67 8.69 8.71 8.69 0.017737 3.79E-04 

D. salina 8.66 8.66 8.69 8.67 0.015841 2.91E-04 

Algal extract no. 28 8.64 8.66 8.65 8.65 0.009653 7.08E-04 

Algal extract no. 18 8.64 8.63 8.63 8.64 0.005764 2.96E-03 

Algal extract no. 17 8.60 8.64 8.62 8.62 0.020698 5.47E-03 

Algal extract no. 15 8.61 8.63 8.59 8.61 0.021204 9.10E-03 

Algal extract no. 2 8.59 8.58 8.57 8.58 0.011432 1.68E-02 

Algal extract no. 1 8.56 8.58 8.59 8.58 0.017734 4.10E-02 

Algal extract no. 21 8.56 8.58 8.54 8.56 0.018151 1.47E-01 

Algal extract no. 26 8.52 8.56 8.54 8.54 0.019282 7.86E-01 

Positive control (Inulin) 8.89 8.89 8.90 8.89 0.008569 2.70E-05 

Negative control (Bacteria 
only) 

8.54 8.52 8.52 8.54 0.014754 - 

Values are given as mean ± S.D for triplicates at 48 hours after treatment. A t-test comparing the 
growth following treatment compared with negative control was performed; p-values each 
treatment are shown accordingly (p<5E-02 - significant effect of algal extract against the 
bacterium). NA denotes where the isolate was not tested against the bacterium.
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Table B5: The effect of algal extracts on the growth of L. lactis at 48 hour period 

 Log CFU/ml   

Algal extracts Plate 1 Plate 2 Plate 3 Average STDev P values 

S. platensis 9.00 8.99 8.99 8.99 0.004432 8.98E-04 

Chlorococcum 8.91 8.92 8.90 8.91 0.010726 5.22E-04 

S. magnus 8.79 8.81 8.80 8.80 0.013792 6.31E-04 

D. salina 8.76 8.74 8.75 8.75 0.01173 1.37E-03 

Chlorella 8.68 8.68 8.69 8.68 0.005170 5.47E-03 

Algal extract no. 48 8.64 8.65 8.67 8.66 0.014563 2.82E-03 

Algal extract no. 28 8.59 8.58 8.61 8.59 0.016773 7.46E-03 

Algal extract no. 18 8.51 8.52 8.46 8.50 0.029312 3.82E-01 

Algal extract no. 17 8.49 8.48 8.46 8.48 0.014483 7.98E-01 

Algal extract no. 15 8.56 8.52 8.54 8.54 0.019282 3.79E-02 

Algal extract no. 25 8.57 8.56 8.53 8.55 0.018737 2.39E-02 

Algal extract no. 24 8.49 8.51 8.52 8.51 0.013577 1.84E-01 

Algal extract no. 19 8.46 8.45 8.48 8.46 0.014982 6.64E-01 

Algal extract no. 26 8.45 8.45 8.46 8.45 0.008799 3.02E-01 

Positive control (Inulin) 8.66 8.65 8.66 8.66 0.005511 6.92E-03 

Negative control (Bacteria only) 8.51 8.46 8.45 8.47 0.030064 - 

Values are given as mean ± S.D for triplicates at 48 hours after treatment. A t-test comparing the 
growth following treatment compared with negative control was performed; p-values each 
treatment are shown accordingly (p<5E-02 - significant effect of algal extract against the 
bacterium). NA denotes where the isolate was not tested against the bacterium 

 

 

Table B6: The effect of algal extracts on the growth of L. bulgaricus at 48 hour 

period 

 Log CFU/ml   

Algal extracts Plate 1 Plate 2 Plate 3 Average STDev P value 

S. platensis 9.00 8.99 8.99 8.99 0.006682 5.63E-04 

S. magnus 8.91 8.92 8.90 8.91 0.006387 4.87E-04 

Chlorococcum 8.79 8.81 8.80 8.80 0.013792 1.31E-04 

D.salina 8.76 8.74 8.75 8.75 0.011554 3.76E-04 

Algal extract no. 48 8.68 8.68 8.69 8.68 0.011759 4.45E-04 

Chlorella 8.64 8.65 8.67 8.66 0.020216 3.19E-01 

Algal extract no. 17 8.59 8.58 8.61 8.59 0.015232 1.82E-01 

Algal extract no. 24 8.51 8.52 8.46 8.50 0.015965 1.00E+00 

Algal extract no. 25 8.49 8.48 8.46 8.48 0.011432 3.74E-02 

Algal extract no. 23 8.56 8.52 8.54 8.54 0.018661 9.11E-03 

Algal extract no. 26 8.57 8.56 8.53 8.55 0.019859 4.78E-03 

Algal extract no. 43 8.49 8.51 8.52 8.51 0.007716 2.53E-03 

Positive control (Inulin) 8.46 8.45 8.48 8.46 0.046549 1.75E-02 

Negative control (Bacteria 
only) 

8.45 8.45 8.46 8.45 0.015965 - 
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Values are given as mean ± S.D for triplicates at 48 hours after treatment. A t-test comparing the 
growth following treatment compared with negative control was performed; p-values each 
treatment are shown accordingly (p<5E-02 - significant effect of algal extract against the 
bacterium). NA denotes where the isolate was not tested against the bacterium. 

 

 

Figure B1: HPLC chromatogram of galactose standard eluted at 3.27 min 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2: HPLC chromatogram of xylose standard eluted at 2.56 min 
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Figure B3: Galactose standard curve 

 

  

 

Figure B4: Xylose standard curve 
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