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Abstract 

Members of the human gut microbiota use glycoside hydrolase (GH) enzymes, such as 

sialidases, α-fucosidases and β-galactosidases to forage on host mucin glycans and dietary 

fibers. A human faecal metagenomic library was constructed and screened to identify new 

glycoside hydrolase enzymes particularly α-fucosidases, sialidases and β-galactosidases. 

33,000 clones were screened for α-fucosidases on LB agar supplemented with X-Fucose 

as substrate and 11,000 clones were screened on MacConkey base agar supplementd with 

2’-Fucosyllactose, however α-fucosidase expressing clones were not detected. Similarly 

out of 16,128 clones screened for sialidase on MacConkey base agar supplemented with 

3’-Sialyllactose and 6’-Sialyllactose, sialidase expressing clones were not detected. 

However, out of the 16,000 clones screened for β-galactosidases on MacConkey lactose 

agar, 30 β-galactosidase positive clones were identified. The β-galactosidase gene found 

in the majority of the clones was BAD_1582, from Bifidobacterium adolescentis. This 

gene was cloned with the incorporation of a hexa histidine tag and expressed in 

Escherichia coli. The His-tagged β-galactosidase enzyme was purified using Ni2+-NTA 

affinity chromatography and size filtration. The enzyme had optimal activity at pH 7.0 

and 37°C, with a wide range of pH (4-10) and temperature (0-40oC) stability. The enzyme 

requires a divalent metal ion cofactor, with the highest activity detected in the presence 

of Mg2+ and activity was inhibited by the presence of Cu2+ and Mn2+. The kinetic 

parameters were determined using ortho-nitrophenyl-β-D-galactopyranoside (oNPG) as 

a substrate. The enzyme had a Vmax of 51 µmol/min/mg and a Km of 2.5 mM. The enzyme 

was competitively inhibited by lactose with a Ki of 3.0 mM and exhibited low product 

inhibition by galactose with a Ki of 115 mM and a high tolerance for glucose (66% of its 

activity retained in the presence of 700 mM of glucose). In addition, this enzyme 

displayed transgalactosylation activity to produce galactooligosaccharides (GOS) using 

lactose as a substrate. BAD_1582 was immobilized in calcium alginate and gelatin blend 

crosslinked with glutaraldehyde. The immobilized BAD_1582 displayed enhanced pH 

and temperature stability compared to the free enzyme. The aforementioned properties of 

BAD_1582 makes it an ideal candidate to produce lactose free dairy products and 

manufacture of GOS. 
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1.1. Anatomy of the human gastrointestinal tract  

The human gastrointestinal tract (GIT) starts from the oral cavity and continues through 

the pharynx, oesophagus, stomach, small intestine (duodenum, ileum and jejunum) to the 

large intestine (cecum, colon, rectum and anus) (Fig 1.1) (Kararli 1995).  Accessory 

organs, such as the salivary glands, liver, pancreas and the gall bladder assist the function 

of the digestive system by secretion of enzymes and /or emulsifying agents etc. The main 

function of the GIT is to breakdown ingested food through mechanical and digestive 

enzyme actions, which then absorb nutrients and water through circulatory or lymphatic 

systems, while excreting undigested material and secreted waste. The absorbed nutrients 

and water are utilised by the different cells for growth and differentiation and  ultimately 

result to the  healthy build-up of the human body (Van de Graaff 1986).  

           

Fig 1.1 The major sections of the gastrointestinal tract. This picture is Adapted from 

(Walter and Ley 2011) 
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The histologic structure of the GIT consists of the mucosa, the submucosa, muscularis 

mucosae, and the serosa (Fig 1.2). The lumen of the GIT is surrounded by the mucosa, 

and contains a layer of cells called the epithelium supported by the lamina propria, a 

connective tissue which contains lymph nodules specialised in disease protection. The 

two thin layers of smooth muscles known as the muscularis mucosae are located outside 

of the lamina propria, and they are responsible for the folding of parts of the GIT. The 

folding increases the surface area for absorption of nutrients, as well as their ability to 

stretch and contract to enable the distention of the stomach to increase volume, increase 

the surface area for absorption of nutrients in the small intestine and to extract water in 

the large intestine. The specialised goblet cells in the mucosa secrete mucus throughout 

the GIT, however the thickness and density of the mucous layer varies across different 

parts of the GIT. The submucosa surrounds the mucosa muscles and consists of fats, 

fibrous connective tissues, blood vessels and nerves. At the outer side of the submucosa 

is a specialised nerve plexus called the submucosa plexus or Meisnner plexus which 

innervates the muscularis mucosa.  The muscularis extrena (circular and longitudinal 

muscles) are responsible for churning of the bowel and peristaltic movement.  These 

muscles are innervated by the myentric plexus (plexus of Auerbach) located between the 

circular and longitudinal muscles.  The outer layer of the GIT is the serosa (mesentry),  

which is the binding and protective layer comprised of loose fibrous connective tissue 

rich in simple squamous epithelium  (Lowe and Anderson 2015; Van de Graaff 1986). 
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Fig 1.2 Histologic structure of the GIT. The GIT is a muscular tube lined internally by 

specialized epithelium which, for most of its length, has a combined secretory and 

absorptive function. The figure depicts the histologic structure of the GIT and the 

various secretory organs (e.g. pancreas and liver) which produce secretions which are 

vital for the tract to function normally; these secretions are emptied to the digestive tract 

lumen by one or more ducts. This figure is adapted from (Lowe and Anderson 2015). 

1.2.The mucus lining in GIT  

The gastrointestinal tract has exposure to exogenous substances and microorganisms in 

the form of ingested foods and drinks and endogenous chemicals such as HCl and 

proteolytic enzymes secreted in our body (Pelaseyed et al., 2014).  Despite these, it carries 

out all its function by maintaining homeostasis (Johansson et al., 2013). The mucus layer 

serves as first line defence to proteolytic enzymes, acids, chemicals, microorganisms and 

their metabolites (Kim and Ho 2010).  The mucus is a complex viscous adherent secretion 

synthesised primarily by goblet cells, in columnar epithelium of various mucosal surfaces 

such as the GIT, respiratory tract, reproductive tracts, and ocular and otorhinolaryngeal 

tracts (Bansil and Turner 2006). Mucus is comprised of primarily water which accounts 

for ~95%, lipids, salts, diverse antimicrobial molecules, proteins such as lysozyme, 

secreted immunoglobulins which target specific microbial or viral antigens, defensins, 
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growth factors and trefoil factors (Bansil and Turner 2006; McGuckin et al., 2011b). 

However, the viscoelastic properties of mucus results from mucin, a glycoprotein which 

constitutes the major structural back bone of the mucus (Juge 2012). As a component of 

the body’s innate immunity response the mucus layer and its various components serve 

as lubrication agents and act as a barrier to entry of pathogens and harmful substances to 

the epithelium but allow diffusion of gases and nutrients (Dhanisha et al., 2018). The 

densely glycosylated mucins in the GIT are resistant to proteases secreted from the 

pancreas or intestinal epithelium as the glycosylation hinders the proteases from reaching 

the protein backbone (Arike and Hansson 2016).  

To date over 21 MUC genes have been identified, each MUC genes are characterized by 

their particular expression depending on the physiological need in the cell (Table 1.1). 

There are two major types of mucins, the secreted mucins and membrane-associated 

mucins (Table 1.1). The predominant secreted mucins are the gel forming mucins. The 

secreted gel forming mucins consist of a very large core protein (~5000 amino acid 

residues) which is characterised by having cysteine rich N-terminal and C-terminal 

regions which enhance oligomerisation by disulphide bond formation (Hollingsworth and 

Swanson 2004). In addition, these mucins contain N and C-terminal D domains 

(dimerization domain), named after sequence similarity to the von Willebrand factor D.  

The D-domains of the C-terminal core protein form dimers while the N-terminal D-

domains form trimers through disulphide bonding between cysteine residues (Lang et al., 

2007). The oligomers are usually hydrated and form viscoelastic gels, a characteristic 

feature of the protective mucus layer. The gel forming secreted mucins are expressed in 

epithelial cells of the respiratory and digetsive system, where they function as major 

protective barrier to epithelial cells  from adverse conditions such as food particles, 

viruses, bacteria, acidic secretions, enzymes etc. (Hollingsworth and Swanson 2004).  In 

airways the secreted mucins play significant roles in the clearance of airways via 

mucocilliary transport (Ostedgaard et al., 2017).  
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Table 1.1. Mucin types and distribution  

Mucin type Chromosome                          Major distribution     References 

Secreted –gel 

forming 
   

MUC2 11p15.5                 

Small intestine, colon, endometrium, 

respiratory tract, eye & middle ear 

epithelium 

(Audie et al., 1993; Buisine et al., 

1999; Buisine et al., 2000; Copin et 

al., 2001; Gum et al., 1994) 

MUC5AC 11p15.5 
Respiratory tract, stomach, cervix, 
Eye & middle ear epithelium 

(Buisine et al., 1999; Gipson et al., 
2003; Porchet et al., 1995) 

MUC5B 
11p15.5 

 

Respiratory tract, salivary glands, 

cervix, gallbladder, seminal fluid, 
middle ear epithelium 

(Audie et al., 1993; Audie et al., 

1995; Balague et al., 1994) 

MUC6 11p15.5 

Stomach, duodenum, gallbladder, 

pancreas, seminal fluid, cervix, 
middle ear epithelium 

(Gipson et al., 1997; Ho et al., 1995; 

Toribara et al., 1997) 

MUC19 12q12 

Sublingual gland, submandibular 

gland, respiratory tract, eye, middle 
ear epithelium 

(Chen et al., 2004) 

Secreted –non gel 

forming 
   

MUC7 4q13.3 
Salivary glands, respiratory tract, 

middle ear epithelium. 
(Bobek and Situ 2003) 

MUC8 12q24.33                                       
Respiratory tract, uterus, endocervix, 
endometrium. 

(D’Cruz et al., 1996; Shankar et al., 
1994) 

MUC9 1p13.2 Fallopian tubes (Arias et al., 1994) 

Membrane 

associated  
   

MUC1 
 

1q21 
 

Stomach, breast, gallbladder, cervix, 

pancreas, respiratory tract, 
duodenum, colon, kidney, eye, B 

cells, T cells, dendritic cells, middle 
ear epithelium 

(Andrianifahanana et al., 2001; Arul 

et al., 2000; Brayman et al., 2004; 
Buisine et al., 2000; Copin et al., 

2001; Gendler and Spicer 1995; Lan 
et al., 1990) 

MUC3A 7q22.1 
Small intestine, colon, gall bladder, 

duodenum, middle ear epithelium 
(Gum et al., 1994) 

MUC3B 7q22 
Small intestine, colon, gall bladder, 

duodenum, middle ear epithelium 
(Pratt et al., 2000) 

MUC4 3q29 
Respiratory tract, colon, stomach, 

cervix, eye, middle ear epithelium 

(Gipson et al., 1997; Porchet et al., 

1995) 

MUC12 7q22 
Colon, small intestine, stomach, 
pancreas, lung, kidney, prostate, 

uterus 

(Moehle et al., 2006; Williams et al., 

1999) 

MUC13 3q21.2 
Colon, small intestine, trachea, 
kidney, appendix, stomach, middle 

ear epithelium. 

(Williams et al., 2001) 

MUC14 4q24 Heart, kidney, lungs (Liu et al., 2001) 

MUC15 

 

11p14.3 

 

Spleen, thymus, prostate, testis, 
ovary, small intestine, colon, 

peripheral blood leukocyte, bone 

marrow, lymph node, tonsil, breast, 
fetal liver, lungs, middle ear 

epithelium 

(Pallesen et al., 2002; Shyu et al., 

2007) 

MUC16 19p13.2 
Peritoneal mesothelium, reproductive 
tract, respiratory tract, eye, middle ear 

epithelium 

(Argüeso et al., 2003; Matsuoka et 

al., 1990) 

MUC17 7q22 
Small intestine, colon, duodenum, 
stomach, middle ear epithelium 

(Gum et al., 2002; Moehle et al., 
2006) 

MUC20 3q29 
Kidney, placenta, colon, lung, 

prostate, liver, middle ear epithelium 
(Higuchi et al., 2004) 

MUC21 6p21 Respiratory tract, thymus, colon (Itoh et al., 2008) 

MUC22 6p21.33 Lungs, placenta, testis (Hijikata et al., 2011) 
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As of now three secreted non gel forming mucins, MUC 7, 8, and 9 have been identified, 

each of them has specialised functions. For instance, MUC 7 is the major salivary mucin, 

secreted by salivary glands and involved in food mastication, speech, and clearing 

microbes from the oral cavity through its antimicrobial properties (Bobek and Situ 2003). 

MUC 9 is only produced in female fallopian tubes, and is presumably involved in 

protection of the fallopian tube and embryos (Lapensee et al., 1997).  

The membrane-associated (transmembrane) mucins, contain a membrane spanning 

hydrophobic domain and display similar properties with other membrane anchored 

proteins (Corfield 2015). The transmembrane mucins in humans contain an extracellular 

sea urchin sperm protein, with an enterokinase and agrin (SEA) domain which undertakes 

auto proteolysis cleavage to produce α and β mucin chains in the endoplasmic reticulum. 

After the cleavage, the chain is protruded extracellularly and the β-chain spans the 

membrane, yet both chains are connected by parallel β-sheets (Macao et al., 2006). The 

cytoplasmic tails of the transmembrane mucins constitute the intracellular domain, which 

play significant role in intracellular signalling pathways through their phosphorylation 

sites (van Putten and Strijbis 2017).  The transmembrane mucins have been implicated in 

prevention of adhesion of pathogenic bacteria such as Helicobacter pylori to the epithelial 

cells (Lindén et al., 2009). Through immunomodulatory and various signalling pathways, 

the transmembrane mucins act with anti-inflammatory activity in healthy epithelial cells. 

Nevertheless, overexpression or aberrantly expressed transmembrane mucins, or changes 

in the glycosylation status contribute to various types of cancers such as colon cancer, 

breast cancer and pancreatic cancer (Balague et al., 1994; van Putten and Strijbis 2017).  

In the GIT, the secreted mucins are primarily synthesised by the goblet cells and the 

Paneth cells (Fig 1.3). The Paneth cells are specialised small intestinal epithelium cells 

which reside in the intestinal crypts adjacent to the stem cells (Clevers and Bevins 2013). 

The Paneth cells are specialised to secrete mucins and diverse array of antimicrobial 

proteins, whereby keep a sterile environment around the locality of the stem cells in the 

intestinal epithelium. In the Paneth cells, the expression of antimicrobial molecules such 

as  RegIIIγ and key α-defensin, Defcr-rs10 are regulated by NOD-like proteins and Toll-

like receptors (TLRs) (Vaishnava et al., 2008).  
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The mucus layer is thin in the small intestine and its thickness increases in the colon 

(Johansson et al.,, 2011). In the small intestine the mucus layer is single and unattached 

to the epithelial cells, whereas in the colon it has two sub layers, an extended outer layer 

with  a thickness of about 800 µm and an inner layer (50–100 µm thick) which is tightly 

bound to the epithelial cells (Fig 1.3) (Atuma et al., 2001; Johansson et al., 2008). The 

outer thick layer serves as point of contact with commensal microbial community (Fig 

1.3), however  the inner layer is presumed to be inaccessible for the microbiome and hence 

keeps the epithelial cells away from such interactions (Johansson and Hansson 2016).  

 

                            

Fig 1.3 The gastrointestinal mucosal barrier. a The outer layer of the stomach measures 

~120 μm in rats and mice and contains low numbers of bacteria, whereas the inner layer 

is sterile and measures ~100–150 μm. b  The mucus layer is thinner in the small intestine, 

with inner layer of ~15–30 μm and an outer layer of 100–400 μm; it is thickest in the 

ileum, ~105 –107 bacteria present per gram of faeces in the lumen. c Mucus in the large 

intestine (mainly MUC2) is predominantly produced by goblet cells and consists of a 

sterile inner layer of ~100 μm and a thick outer layer of ~700 μm. Numbers of bacteria 
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are greater in the large intestine1010–1012 per gram of faeces. This picture is adapted from 

(McGuckin et al., 2011b) 

1.2.1. Mucin O-glycosylation  

Glycosylation is one mode of post translational modification, whereby sugars (glycans) 

are enzymatically added to specific amino acid residues in the peptide backbone of a 

protein (Moran et al., 2011). In N-linked glycosylation glycan repertoires are added on 

asparagine residues in an Asn-X-Ser sequences (where X-can be any amino acid other 

than proline) (Corfield et al., 2001). On the other hand in O-linked glycosylation glycan 

repertoires are added on Serine or Threonine residues. Mucins are glycoproteins 

characterized by O-linked glycans linked to residues in the PTS (Proline, Threonine, 

Serine- rich) region, where the O-glycans constitute 50% or more by mass (Johansson and 

Hansson 2016; Juge 2012).   

Mucin O-glycosylation is initiated by peptidyl-GalNAc transferases which utilize UDP-

GalNAc to add GalNAc in an alpha-configuration to the hydroxyl group of serine or 

threonine residues in PTS region (Bennett et al., 2012). Twenty GalNAc transferase genes 

have been identified from the human genome and classified as GT27 family members in 

the CAZy glycosyltransferase classification (Bennett et al., 2012). After addition of 

GalNAc the glycan chain is elongated with core structures and two potential backbone 

regions containing N-acetyl-glucosamine (GlcNAc) and galactose (Gal) (Fig 1.4). In the 

core 1 structure, elongation is carried out by addition of galactose by β1, 3- galactosyl 

transferase (C1GalT1 or T-synthase) to GalNAc in β1, 3 –linkage.  In the core 3 structure, 

elongation is carried out by β1, 3- N-acetylglucosamine transferase 6, which adds GlcNAc 

to GalNAc in β1, 3 –linkage. Core 1 and core 3 structures are further modified to generate 

Core 2 and Core 4 respectively, by addition of GlcNAc using β1,6- N-acetylglucosamine 

transferases (Tran and Ten Hagen 2013). Termination usually occurs with addition of 

fucose (Fuc) using fucosyl transferases (FUT) and/or sialic acid (Neu5Ac) using 

sialyltransferases (ST) from an activated nucleotide donor (CMP-Neu5Ac) (Mehr and 

Withers 2016).   
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The structural diversity of mucins results from addition of several glycans such as 

galactose, hexosamines, fucose, sialic acid and sulfate groups (Macfarlane et al., 2005). 

The particular sugar chain linked to the mucin protein depends on the glycosyl-

transferases expressed at the moment of mucin production (Linden et al., 2008). Both Gal 

and GlcNAc residues can be sulphated resulting in an even greater degree of 

diversification. Addition of sulfate and sialic acids to terminal mucin oligosaccharides 

confers resistance to digestion by glycosidases, nevertheless some faecal isolated 

microbes are enriched with glycosidases which can deconstruct mucin glycoproteins 

(Corfield et al., 1992).   

 

  

                                              

                  

Fig 1.4 Mucin glycoprotein structure. a Core structures of mucin O- glycans. b extended 

core 4 mucin O-glycan structure and Glycoside hydrolase enzymes which cleave different 

linkages of mucin glycans to liberate individual monosaccharides. c schematic 

representation of monosaccharides. This figure is taken from (Marcobal et al., 2013). 

The O- linked glycan repertoire of the mucins serves as binding sites for commensal 

microbiota  and some members of the microbiota even utilize these glycans as an energy 

source (Koropatkin et al., 2012). The gut microbiota must synthesize a variety of 

hydrolytic enzymes (glycosidases, proteases, peptidases, and sulfatases) to completely 

degrade the mucus layer (Macfarlane et al., 2005). In scenarios of  scarcity or complete 

a b 

c 
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depletion of dietary fibers rich in glycans, some members of the microbiota express 

glycoside hydrolases such as sialidases, α-fucosidases, β-galactosidases for 

deconstruction of mucin glycans and utilization of them for nutrient sources (Sonnenburg 

et al., 2005). The depletion of the mucus layer as a result of microbial action causes the 

epithelial cells to be exposed for microbial colonization, which further contributes to the 

onset of pathogenesis. Furthermore, a direct contact of the microbiota with the epithelial 

cells trigger mucosal immunity and elicit overt immune responses (Johansson and 

Hansson 2016). In line with this, mice studies have shown that mice lacking MUC2 have 

no mucus layer which resulted in the development of inflammation and diarrhea, bleeding 

and epithelial cell proliferation which could lead to tumor formation. 

1.3. Microbial adhesion to the GIT 

The glycoconjugates or glycocalyx coat covering the cell surface of multicellular 

organisms is regarded as an interface where the microbes (commensal & symbiotic) or 

pathogens produce cell-cell contact (Imberty and Varrot 2008a; Ohtsubo and Marth 2006; 

Vasta 2009). Microbial adhesins play pivotal roles in such contact. Adhesion to cell 

surfaces is the primary step in colonization of the gut by commensal microbes and in 

biofilm formation and associated infections by pathogens (Dufrêne 2015). Throughout 

the years several surface bound adhesive proteins have been identified (Kline et al., 2009).  

Most of these adhesins interact with specific ligands on host cells, which increases the 

chance of invasion and colonization. Often, the binding specificity involves fucosylated 

and sialylated glycoconjugates since these residues are exposed at the surface of epithelia 

(Imberty and Varrot 2008b). Pathogenesis of P. aeruginosa in cystic fibrosis patients is 

established by soluble fucose binding lectins which target fucosylated oligosaccharides 

(Mitchell et al., 2002). Some of the adhesins  from pathogenic E. coli have specific 

affinity to sialic acid (S adhesins), others bind to other glycan repertoires such as α-D-

mannosides (MS adhesins) and glycophorin A (M adhesins) (Ott et al., 1986). Protein-

protein interactions also occur between adhesins and host proteins (Tuomanen 1992).  

During infection, pathogenic bacteria use their surface attached adhesins to colonize 

different cells and tissues of the host. These adhesins bind to their cognate receptors on 

epithelial cells, leukocytes, endothelial cells or extracellular matrix (Tuomanen 1992). 
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Even though bacterial attachment to the host cells is essential for colonization, adhesion  

may have unprecedented cost, as it can stimulate infiltration of  immune cells, 

phagocytosis and thereby clearing of bacteria from the host (Kline et al., 2009). Many 

pathogenic bacteria have developed ways to escape the immune system, among these 

having an additional anti-phagocytic polysaccharide rich surface layer which is not 

recognized by the immune system and expression of adhesins as polymeric structures that 

extend from cell surfaces for establishing initial contact are highly recognized (Kline et 

al., 2009).  

Adherence of probiotic bacteria such as Lactobacilli to intestinal epithelial cells and/ or 

mucus lining is considered to be a desirable feature as it can promote the  residence time 

and interaction with host epithelial and immune cells (Juge 2012; Kleerebezem et al., 

2010). In addition to specific bacterial adhesins, other cell surface proteins called S- layer 

proteins and extracellular appendages such as flagella, fimbriae and pili (Juge 2012) can 

also contribute to adhesion to host epithelial cells and mucus.  

1.4. Colonization of the GIT by microbiota  

It is believed that a healthy human foetus in the maternal womb is devoid of 

microorganisms. The first major colonisation of the new born infants begins during the 

delivery of the infant due to initial exposure with significant amount of microorganisms 

residing in the vaginal canal for vaginal born infants or skin for caesarean section (C-

section) born infants. Thus, the gut of vaginal born infants is colonised by microorganisms 

that are common inhabitants of the vagina such as Lactobacillus, Prevotella, 

Bifidobacterium (such as Bifidobacterium longum and Bifidobacterium breve), 

Escherichia (Escherichia coli), Bacteroides (Bacteroides vulgatus) and Parabacteroides 

(Parabacteroides distasonis) (Shao et al., 2019). However, the guts of C-section delivered 

infants are predominantly colonised by skin microbiota and hospital associated 

microbiota such as Enterococcus (Enterococcus faecium), Enterobacter (Enterobacter 

cloacae), Staphylococcus epidermis and Klebsiella species with low abundance of 

commensal microbes (Shao et al., 2019). These observations are in line with the report 

that the microbiome transfer from mother to infant is compromised in C-section delivered 

neonates (< 4 weeks old) and 1 year old infants (Backhed et al., 2015).  
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Besides the mode of delivery, there are several factors which contribute to the diversity 

and composition of the gut microbiota in infants such as, mode of feeding as in breast 

feeding or formula feeding, diseases, antibiotic treatment, and introduction of solid foods 

and environment (Marques et al., 2010). It has been recommended that, infants should 

exclusively be breast fed for the first 6 months and should continue for up to 2 years age 

or beyond for the a healthy growth and development (WHO 2003). Human milk is 

comprised of different nutrients and bioactive active molecules which protect against 

infection, inflammation and immune maturation (Ballard and Morrow 2013). The 

macronutrients include proteins (0.9 to 1.2 gdL-1), fats (3.2 to 3.6 gdL-1) and 6.7 to 7.8 

gdL-1 lactose (Ballard and Morrow 2013). Next to lactose the human milk 

oligosaccharides (HMOs) constitute the largest carbohydrate component in the human 

milk, typically found at concentrations ≥  4 gdL-1 and as high as 15 gdL-1 depending on 

the lactation stage, feeding and maternal genetics (Kunz et al., 2000). HMOs are 

composed of five monosaccharides: glucose (Glc), galactose (Gal), N-acetylglucosamine 

(GlcNAc), fucose (Fuc) and sialic acid (Cani et al.,) with N-acetylneuraminic acid 

(Neu5Ac) the predominant sialic acid (Bode 2012). The composition HMOs is dependent 

on expression of certain glycosyltransferases; thus, four groups of HMOs have been 

identified based on secretor (Se) and Lewis (Le) blood group system. Secretor (Se) 

individuals encode an active α1, 2 fructosyltransferase (FUT2) and hence the milk will be 

abundant in 2’fucosyllactose (2’FL) while in the non-secretor their HMO lack 2’FL due 

to lack of active FUT2. Individuals with an active Le locus, express an active α1-3/4-

fucosyltransferase (FUT3) which transfers Fuc in α1-4 linkage to sub terminal GlcNAc, 

and hence women who are Le negative lack α1-4-fucosylated HMOs (Bode 2012). These 

patterns of HMO composition is genetic dependent where approximately 20% of 

population are non-secretors and this number increases to~ 40% in the African population 

(Ferrer-Admetlla et al., 2009)  

The HMOs of the human milk are considered to have potential prebiotic properties. As 

they are not digested by mammalian glycosidases, HMOs reach the colon unaltered where 

they selectively enhance the growth of selected commensal bacteria (De Leoz et al., 

2015). Several in vitro studies have shown that the HMOs have bifidogenic activity, by 

which they selectively promote the growth and proliferation of Bifidobacterium species. 
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Some species of Bifidobacterium, such as B. bifidum and B. infantis, that are 

predominantly found in breast fed infants, induce expression of genes specifically 

required for HMO utilization when they were grown in the presence of these 

oligosaccharides (Yoshida et al., 2012). The other infant Bifidobacterium species, B. 

longum subsp longum, has been shown to express novel gene clusters which enable this 

species to utilize fucosylated HMOs, particularly two α-fucosidases which cleave 

terminally attached Fuc and abundant solute binding proteins for oligosaccharide 

transport (Garrido et al., 2016).  

Culture based studies have indicated that breast fed infants have high abundance of faecal 

Bifidobacteria and Lactobacilli and with less abundance of Bacteroides, Clostridium 

coccoides group, Staphylococcus and members of the Enterobacteriaceae family 

compared to that of formula-fed neonates (Fallani et al., 2010). Sequence based studies 

have supported this observation as the gut microbiota of breast fed infants was dominated 

by Bifidobacteria (Milani et al., 2015b). Sequence based analysis of the feacal microbiota 

of healthy infants (2-5 months of age) have indicated that the microbiota of infants was 

dominated by the Actinobacteria (88%) phyla and with less abundance of Firmicutes 

(11%) (Turroni et al., 2012).  The Bifidobacteriales was the most abundant class (80.6%) 

followed by Lactobacillales (7.2%) and Clostridiales (3.1%) class. The effect of diet in 

this study was less significant in terms of microbiota diversity in the infants (Turroni et 

al., 2012). In summary, breast fed infants have a distinct gut microbiota compared to the 

formula fed infants and the feeding type is considered as one of the major factor which 

dictate the microbiota composition in infants. Nonetheless, the gut microbiota 

composition in infants change until a stable, more diverse microbiota is attained, and by 

the age of three and beyond, the toddler/child attains a more or less similar microbiota to 

the adults (Yatsunenko et al., 2012a).   
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1.5. Diversity and composition of adult microbiota  

The adult human GIT harbours a highly diverse and enormous number of microorganisms 

which belong to the three domains of life, bacteria, archaea and eukarya, creating a 

complex community. Most of these microbes are either strict obligate anaerobes or 

facultative anaerobes (Zoetendal et al., 2002). These endogenous microbes makeup an 

estimated 100 trillion cells, about 10 times higher than the number of human cells in a 

body (Gill et al., 2006). The genomes of these complex microbial communities together 

constitute about 100 times more genes than the human genome encodes (Backhed et al., 

2005). The gut microbiome endows us with numerous physiological functions which we 

ourselves couldn’t be able to carry out.   

The advances in sequencing technologies and bioinformatics tools has enabled scientists 

to investigate and study the genome of various organisms including human beings 

(Collins et al., 2003). The results of the human genome project depicted ~20,000 protein 

coding genes. After the successful completion of the human genome project in 2003 

(Collins et al., 2003),  the first human microbiome project was launched to understand  

and decipher the genetic resources of the symbiotic microbes that reside inside and on the 

human body,  which encode for a large number of protein coding genes that are absent in 

the human genome (Turnbaugh et al., 2007).     

The human body harbours a large number of microbes in different body sites such as oral, 

skin, vaginal and the gut, however the largest number of microbes reside in the GIT 

(Turnbaugh et al., 2007). The microbial diversity of these endogenous gut microbiota has 

been examined through culture independent approaches, primarily based on comparison 

of 16S rRNA sequences and phylogenetic analyses. Of note one of the leading studies of 

microbial diversity and composition of the human gut microbiota was conducted by 

Eckburg and colleagues (Eckburg et al., 2005) where they analysed 13,355 rRNA 

prokaryotic sequences obtained from mucosal sites of the colon (from cecum to rectum) 

and faecal samples obtained from three healthy individuals. This study revealed the major 

Bacterial phylotypes are Firmicutes and Bacteriodetes, with less abundance of 

Proteobacteria, Actinobacteria, Fusobacteria and Verrucobacteria and one archaeal 

phylotype (Methanobrevibacter smithii) was detected. The majority of these microbes 
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were novel and were not cultured. Similarly phylogenetic analysis of 8,903 representative 

16S rRNA gene sequences of human gut microbiota taken from genbank, revealed the 

dominant members the bacteria belong to three major phyla; the Firmicutes, Bacteriodetes 

and Proteobacteria (Backhed et al., 2005). 

With the aim to generate a full picture of the taxonomic diversity and functions of the 

microbes associated with the human body, the first NIH human microbiome project was 

launched in 2007 (Turnbaugh et al., 2007). The HMP successfully produced about 2.3 

tera bp 16S rRNA sequence data from samples collected from 15 body sites of 300 US 

individuals (Turnbaugh et al., 2007). Furthermore, the advent of high throughput DNA 

sequencing technologies and advances in bioinformatics analysis tools has enabled to 

decipher the microbial diversity, composition and function of the human gut microbiota 

and microbiome. The metagenomics of human Intestinal tract (MetaHIT) project, via 

metagenome sequencing of faecal samples collected from 124 subjects (including healthy, 

overweight, obese and Inflammatory bowel disease (IBD) patients) has generated the first 

gene catalogue of the human gut microbiome (Qin et al., 2010). This catalogue constitutes 

3.3 million microbial genes, of which 99% belong to bacteria, the rest to archaea, while 

eukaryotes constitute 0.1% of the catalogue. The common bacterial core shared by each 

individual has also been revealed: 57 species were found in > 90% of the individuals even 

though there was inter individual variation, and the predominant members were the 

Firmicutes and Bacteriodetes. In line with this, the human microbiome project 2 (HMP2) 

using 16S rRNA and metagenome analysis of  samples collected  from 242 healthy 

individuals and different body sites (18 for women and 15 for men), has revealed a 

4,768,112 gene catalogue of the gut microbiota, with more diversity and composition (The 

Human Microbiome Project et al., 2012). The HMP project also indicated that there exists 

substantial inter personal and intra personal variation, such as different body sites having 

a characteristic microbial diversity and composition, even between healthy individuals 

(The Human Microbiome Project et al., 2012). A report based on an expandend dataset 

of human microbiobme project II (HMP II) consisting of whole metagenome sequence of 

new 1,635 samples making up a total of 2,355 metagenomes has also revealed that, there 

exists body wide strain diversity and composition and some stable subspecies unique to 

individuals were also discovered (Lloyd-Price et al., 2017). Moreover, due to the 
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advances of new methodologies, new species–level taxa were revealed including 

eukaryotes, archaea, viruses and 54 new bacterial species in this metagenome compared 

to Human microbiome metagenome project I (HMPI) metagenome dataset (Lloyd-Price 

et al., 2017). In addition, metabolic pathways which enhance microbiome colonisation to 

the human gut were also discovered. 

1.5.1. Diet and the microbiota 

The type of diet an individual consumes shapes the diversity and composition of the gut 

microbiota.  A classical study on how diet shapes the microbiota composition was carried 

out  by De Filippo and colleagues (De Filippo et al., 2010) where they compared the 

microbiota of children from Burkina Faso (BF) and Italy (EU). The Burkina Faso children 

had a diet rich in starch, fibre and plant polysaccharides; such as cereals (millet, sorghum), 

legumes and vegetables while the Italian children’s diet was mainly composed of 

Mediterranean and western foods. At the phylum level 94.2% sequences of both BF and 

EU belong to Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. However, the 

proportion of the phyla in both samples were distinct. The microbiota composition of 

children from BF were enriched with Actinobacteria and Bacteriodetes, while the EU 

were enriched with Proteobacteria and Firmicutes. The BF constituted high abundance of 

the Bacteriodetes and with a depletion of Firmicutes, with some unique bacteria 

composition enriched with the genera Prevotella and Xylanibacter rich with sets of 

enzymes which hydrolyse dietary fibre. On the contrary the Firmicutes were twice as 

abundant in Italian children’s.  In addition, high microbial diversity and composition 

accompanied by high production of faecal SCFA was detected in the BF cohort, a trait 

related with high dietary fibre intake.  A continuation of these studies has indicated that 

Burkina Faso children from rural villages and small towns constitute a gut microbiota 

dominated by Bacteriodetes (69 and 48% respectively), while children from the Capital 

city (Oguadugouu) and the Italian children harboured a relatively low abundance of gut 

Bacteriodetes (33% and 26%  respectively) and a higher abundance of the Firmicutes (58 

and 60% respectively) (De Filippo et al., 2017). The researchers deduced that 

industrialisation and socioeconomic status has changed the way of life and diet in children 

from the cities of the Burkina Faso which ultimately contributed in the shift of microbiota 
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composition from rural type to western type. Similarly, comparative studies of faecal 

microbiota composition of rural Malawian and Venezuelan cohort with US cohort 

revealed that, there was similarity in microbiota composition within the rural cohort as 

compared to the US cohort. In addition, the rural cohort showed high production of SCFA, 

as compared to the western microbiota (US group) (Yatsunenko et al., 2012b).  Thus, the 

major factor for the distinct microbiota composition and diversity between the two cohorts 

was the type of diet. 

A particular study linked to diet and microbiota composition was obtained in comparative 

studies of the Hadza hunter gatherer tribes of Tanzania with western microbiota. Faecal 

samples of 27 Hadza and  16 Italian adults showed a very distinct microbiota composition 

between the two groups (Schnorr et al., 2014). The Hadza microbiota was dominated by 

Firmicutes (72%) and Bacteroidetes (17%). The remaining phyla consisted of 

Proteobacteria (6%), Spirochaetes (3%), and 2% of phylum level operational taxonomic 

units (OTUs) remained unclassified. At family level the Hadza microbiota was dominated 

by Ruminococcaceae (34%), Lachnospiraceae (10%), Prevotellaceae (6%), Clostridiales 

Incertae Sedis XIV (3%), Succinivibrionaceae (3%), Spirochetaceae (2%) and 

Eubacteriaceae (2%). A large number of taxa belonging to the Bacteroidetes, 

Clostridiales, Bacteroidales and Lachnospiraceae, were unassigned at the family and 

genus level. Although the Italian gut microbiota was also dominated by Firmicutes and 

Bacteriodetes, the Hadza microbiome has lower abundance of Firmicutes and higher 

abundance of Bacteriodetes compared to the Italian gut microbiome. Moreover, at the 

genus level a significant difference between the two groups were observed such as 

depletion of the Bifidobacerium in Hadza and high abundance of the Treponema genus 

specialised in cellulose and xylan degradation (Schnorr et al., 2014). These differences 

were as a result of lifestyle and particularly attributed to the type of diet they consumed, 

the diet of the Hadza community consisted of wild foods such as meat, honey, berries and 

tubers, while the Mediterranean diet of the Italians consisted of plant based foods, fruit, 

pasta, bread, olive oil and low to moderate amount of dairy, poultry, fish and red meat. In 

summary, in addition to genetics, environmental factors, culture, diet is the most 

significant factor that contributes to the microbiota composition and diversity in the 

human gut. 
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1.6. Glycan foraging by the gut microbiota 

The 100 trillion microbial cells in the human gut encode an enormous amount of genes 

which are absent in the human genome. The most pronounced difference is that the 

microbiota encode abundant carbohydrate active enzymes (CAZymes), such as glycosyl 

transferases which assemble the glycans or glycoside hydrolases, polysaccharide lyases 

and carbohydrate esterases which break down various glycans (Lombard et al., 2014a). 

The human genome encodes only for 97 Glycoside hydrolase (GH) enzymes, and no 

polysaccharide lyases. Out of the 97 human GH enzymes, 8 enzymes belong to GH1, GH 

13, GH 31 and GH 37 families directly participating in the hydrolysis of carbohydrates, 

while another  9  belong to the GH1, GH 9, GH 18, GH 31 and GH 35 families which 

have a possibility to be digestive.  However the remaining 80 enzymes have other roles, 

such as regulatory function, tissue development and pathogen exclusion (Kaoutari et al., 

2013). Given that the human genome encodes less than 20 enzymes for breakdown of 

complex carbohydrates (Cantarel et al., 2012), its apparent that the breakdown of complex 

glycans such as plant-based polysaccharides are only possible through the CAZymes of 

the gut microbiome in the human gut, mainly the distal gut (Backhed et al., 2005). 

Besides, some members of the microbiota are adapted to utilise host-derived mucin 

glycoproteins and glycans derived from shed epithelial cells in the absence of key dietary 

complex glycans or nutrients (Kaoutari et al., 2013). The ability to utilise complex dietary 

glycans and host-derived mucin glycans is crucial to the survival and proliferation of the 

key members of the microbiota, particularly when dietary glycans are absent (Sonnenburg 

et al., 2005). However, the degradation of the mucin glycans could compromise the mucus 

layer and would expose the epithelial cells. This direct contact of microbiota to epithelial 

cells could elicit the onset of pathogenicity (McGuckin et al., 2011a). For complete 

hydrolysis of mucin glycans, sulfatases, proteases and CAZymes are required (Tailford et 

al., 2015). From the CAZymes,  particular GH enzymes include the sialidases (GH33), α-

fucosidases(GH 29 and GH 95), exo and endo N-acetyl-glucosamindases (GH 84 and GH 

85), β-galactosidases (GH 1, GH 2, GH 35, GH 42, GH 59 and GH 147), α-N-

acetylglucosaminidases (GH89), and α-N-acetylgalactosaminidases (GH101, GH129) 

(Lombard et al., 2014a). 
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Comparative genomic analysis of 397 human gut microbes for identification of CAZymes 

active in mucin glycan utilisation revealed that 86% of the analysed genomes encode for 

genes which cleave mucin glycans while 89% possessed genes related with catabolism of 

monosaccharides (Ravcheev and Thiele 2017). Sialidase (GH33) encoding genes were 

detected in 112 of the analysed genomes and in all phyla except Fusobacteria. α-

fucosidase genes were detected in 131 genomes that belong to four phyla, Actinobacteria, 

Bacteroidetes, Firmicutes, and Verrucomicrobia. Glycoside hydrolases which release N-

acetyl glucosamine (GlcNAc) from mucin glycans (hexosamindases and α-N-

acetylglucosaminidases) were detected in 257 genomes, with the maximum number 

detected in Bacteriodes sp (23 genes). Similarly α-galactosidases and β-galactosidases 

which release Gal from mucin glycans were found in 310 genomes (Ravcheev and Thiele 

2017).  

The Bacteriodetes are the dominant member of the human gut microbiota. The genomes 

of this group of bacteria have been extensively studied throughout the past decades. 

Genome wide analysis has shown that these bacteria harbour genes that encode 

saccharolytic enzymes, and are clustered into polysaccharide utilisation loci (PULs) and 

the starch utilisation system (sus).  PULs comprise a single genomic loci, harbouring 

genes which encode proteins to perform several functions, such as polysaccharide binding 

proteins, enzymes which undertake initial cleavage of polysaccharides to 

oligosaccharides, membrane transport proteins for importing oligosaccharides into the 

periplasmic space and enzymes which complete the hydrolysis of the oligosaccharides to 

monosaccharides, and regulatory proteins (Terrapon et al., 2018). More than 100 PULs 

have been identified in some Bacteriodes species, constituting about 20% of their genome, 

clearly implicating them for the bacterium’s success in human gut environment as primary 

glycan degraders.  PULs from genomes of Bacteriodetes can be found in the CAZy 

database (http://www.cazy.org/PULDB/index.php?sp_name=Bacteroides&sp_ncbi) 

(Terrapon et al., 2018). In vivo studies of humanised gnotobiotic mice with the intestinal 

symbiont Bacteriodes thetaiotaomicron showed that this bacteria up-regulates the 

expression of several CAZymes, such as glycoside hydrolase enzymes and polysaccharide 

lyases, to harvest dietary carbohydrates and host derived mucin glycans, depending on 

nutrient availability (Sonnenburg et al., 2005). For instance in the absence of low dietary 

http://www.cazy.org/PULDB/index.php?sp_name=Bacteroides&sp_ncbi
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carbohydrates, B. thetaiotaomicron isolated from cecum upregulates expression of 

enzymes involved in host mucin glycan utilisation such as sialidases and α-fucosidases.  

In addition to Bacteriodes, Bifidobacterium encode CAZymes which enhance their 

foraging capability of glycans, such as host derived glycans. The genome analysis of 47 

species of Bifidobacterium indicated that 14% of their genome encodes for genes related 

to carbohydrate metabolism, which provided them a competitive advantage in the human 

gut niche (Milani et al., 2015a). In line with this the pan genome of the Bifidobacterium 

genus encodes for 57 glycoside hydrolases (GH), 13 glycosyl transferases(GT), 7 

Carbohydrate esterases (CE), but no polysaccharide lyases (PL) were detected.  The most 

abundant GH family enzyme in these Bifidobacteria was the GH 13 family, which 

accounts for 24% of their genome. This family of enzymes acts on a wide arrays of 

complex glycans such as plant based polysaccharides and starch (amylose, amylopectins 

and maltodextrins) (Milani et al., 2015a). In line with this, the glycobiome of 

Bifidobacterium harbours GH enzymes that are specialised in the breakdown of host 

derived O-linked and N-linked glycans and HMOs. These include the exosialidases 

(GH33), α-fucosidases (GH 29 and GH 95), hexosamindases (GH 20), lacto-N-biosidases 

(GH112), α –mannosidases (GH38 and GH 125) and α -N-acetylgalactosaminidases 

(GH101 and GH129) (Milani et al., 2015a). 

Although members of the gut microbiota which express GH enzymes which act on host 

mucin glycans gain a selective advantage to proliferate in the gut even in the absence of 

dietary fibres, the utilisation of host derived mucin glycans come with a severe health 

consequence to the host. Studies in mice have shown that MUC2 -deficient mice lack a 

mucus layer barrier and as a result the microbiota have access to the epithelial cells, which 

triggers inflammation and mucosal immunity which ultimately induces colitis. Mice with 

high inflammatory response have high abundance of Proteobacteria (Jakobsson et al., 

2015). Other murine models which have a defective mucus layer, are due to either defects 

in ion transport channel proteins resulting in poor formation of the outer mucus layer, or 

the outer mucus layer is composed of short length mucin glycans, which bacteria easily 

hydrolyse (Johansson et al., 2014).  In vivo experiments in mice were carried out by 

administering dextran sodium sulfate (DSS) (most commonly used colon inflammation 
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agent in rodents) in drinking water. Then the colon was removed and tissues were fixed 

and immunostained for MUC2 and bacterial 16 rRNA was stained using fluorescent in 

situ hybridisation (FISH). Bacteria were detected after 4 h near the inner mucus layer and 

after 24 h the inner mucus layer has disappeared which caused complete accessibility to 

the epithelial cells (Johansson et al., 2010). These comprehensive studies demonstrated 

the importance of the mucus layer in protecting the accessibility of the epithelial cells by 

the resident microbiota and ultimately preventing the incidence of inflammatory response, 

colitis and colon cancer.   

Most dietary polysaccharides are plant-based polysaccharides which are derived from 

fruits, vegetables, and resistant starch. The gut microbiota use a repertoire of CAZymes 

to breakdown the dietary fibres, through anaerobic fermentation to produce end products 

SCFA (acetate, butyrate and propionate), which are readily absorbed (Wong et al., 2006).  

Butyrate serve as an energy source for colonocytes. Propionate is absorbed in the liver, 

while acetate enters the peripheral circulatory system for absorption in the peripheral 

tissues. After their absorption, SCFA take part in numerous physiological functions. 

Butyrate produced after fermentation is taken up by the epithelial cells of the colon 

(colonocytes) via the monocarboxylate transporter (Tan et al., 2014). Then it serves as 

main energy source (~ 70%) for colonocytes, through β-oxidation in the mitochondria 

(Koh et al., 2016) thereby enhancing normal proliferation of colonocytes. On the other 

hand butyrate decreases the proliferation of cancerous cells either by acting as anti-

tumorigenic agent or through induction of apoptosis of cancerous cells (Fung et al., 2012).  

Butyrate, by acting as histone deacetylase inhibitor, (HDAC) regulates expression of 

cyclin-dependent kinase inhibitors cdk1a and cdk1c which subsequently inhibits 

proliferation of colorectal cancerous cells (Donohoe et al., 2012). Recent studies have 

also shown that through inhibition of the pyruvate kinase M2 (PKM2) pathway and 

metabolic reprograming, butyrate suppresses tumour proliferation in colorectal cancerous 

cells (Li et al., 2018).  

Acetate has numerous physiological functions. It is absorbed in the peripheral circulatory 

system and cross the blood brain barrier and serve as energy source for the glial cells 

(Wyss et al., 2011).  A study in mice has shown that acetate suppresses appetite via the 
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gamma amino butyric acid (GABA) neurological cycle in the hypothalamus, thereby 

prevent diet-induced weight gain (Frost et al., 2014). In contrast to this, rodents fed with 

a high fat diet produced high levels of acetate compared to high fibre fed rodents. The 

high level of acetate stimulated the parasympathetic nervous system and enhanced 

secretion of the hunger hormone, ghrelin which stimulates food intake and this, 

subsequently conduces obesity (Perry et al., 2016). In addition, this causes 

hypertriglyceridemia,  adiposity in liver and skeletal muscles and insulin resistance in 

liver and muscles (Perry et al., 2016).  Although human studies are necessary to avoid 

inconsistency, these are important findings as consumption of dietary fibres could help in 

alleviating the growing global problem of obesity.  

Propionate acts as a precursor for intestinal gluconeogenesis and together with butyrate, 

it induces the expression of enzymes of the gluconeogenesis pathway (Schroeder and 

Bäckhed 2016). On the other hand, propionate has been indicated in decreasing 

cholesterol biosynthesis.  Mice fed with a high fat and high propionate diet  had a reduced 

hepatic gene expression of lipogenic enzymes resulting in low concentration of hepatic 

triglycerides (up to 40% reduction) compared to mice which were fed a high fat diet 

without SCFA (Weitkunat et al., 2016). This further increased insulin sensitivity in fat 

induced obesity. 

Although some inconsistent data have been reported in terms of how acetate and 

propionate are involved in regulation of satiety, lipogenesis, and gluconeogenesis, overall 

the gut microbiota mediated synthesis of SCFA could enhance a healthy homeostasis 

development of the host.    

1.7. Dysbiosis and its implications in disease 

The vast human gut microbiota residing in the human gut has been considered as an 

inexhaustible source of protein coding genes which enable the human host to carry out 

metabolic functions such as degradation of dietary fibres and production of SCFA, 

synthesis of essential vitamins and amino acids, degradation of xenobiotics, regulation of 

immune system and prevention of pathogenic bacteria colonisation, to ultimately maintain 

homeostasis and health (Schuijt et al., 2016). The microbiota composition can be altered 

by exogenous factors such as uptake of antibiotics (Willing et al., 2011), diet (Albenberg 
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and Wu 2014), gastrointestinal pathogens (Gill et al., 2011) and endogenous factors such 

as immune dysregulation or deficiencies (Willing et al., 2010b). In cases where there is a 

dramatic shift of the microbiota diversity and composition called  “dysbiosis”, the 

pathogens start to thrive and a huge number of gut microbiota linked diseases will result 

such as inflammatory bowel disease, obesity, type 2 diabetes, cardiovascular diseases 

(CDV), autism, colorectal cancer, and autoimmune disorders (Battson et al., 2018; 

DeGruttola et al., 2016; Hughes et al., 2018; Lloyd-Price et al., 2019). Herein, the major 

metabolic and auto immune disorders that resulted from a dysbiosis of the gut microbiota 

will be briefly discussed. 

The perturbation of human gut microbiota have been associated in the development of 

inflammatory bowel disease (Lloyd-Price et al., 2019); a chronic inflammatory 

complication of the GIT which includes Crohn’s disease (CD) and Ulcerative Colitis (UC) 

(Oligschlaeger et al., 2019). IBD is a multifactorial chronic illness which may arise from 

aberrant immune response of the host to the commensal microbiota, which ultimately 

results in weak mucosal and intestinal barriers (Schirmer et al., 2019). Some microbial 

metabolites such as SCFA, specifically butyrate, could enhance regulatory T cell (Treg) 

development (Furusawa et al., 2013) which has an immunomodulatory effect on the host 

cells and promote mucosal secretion from goblet cells to provide barriers of the epithelial 

cells (Chung et al., 2012).  In a multi-omics study using metagenomic analysis and 

metabolomic profiling of 220 stool samples cohorts of CD, UC, and non-IBD controls, it 

was indicated that there was significant differences in the microbial diversity and 

metabolome of IBD and non-IBD patients. Particularly, high abundance of sphingolipids, 

bile acids and depletion of triacylglycerols and tetrapyrroles were detected in IBD patients 

(Franzosa et al., 2019). Various studies showed that IBD patients have depleted microbial 

diversity compared to non-IBD controls. The microbiota of IBD patients showed lower 

abundance of Firmicutes particularly Ruminococcaceae family, including 

Faecalibacterium, Ruminococcaceae incertae sedis, but high abundance of 

Enterobacteriaceae such as E. coli were detected (Willing et al., 2010a). To fully 

understand the mechanism of host microbiome interaction for IBD development, the 

Inflammatory Bowel Disease Multi-omics Database project (http://ibdmdb.org) (Lloyd-

Price et al., 2019) has been established as part of the Human Microbiome Project 2 

http://ibdmdb.org/
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(HMP2). This project followed 132 individuals from five clinical centres for a course of 

one year (Lloyd-Price et al., 2019). Stool, mucosal and blood samples were analysed. 

Significant perturbation of microbial composition was observed in the IBD patients within 

a week time, while no such significant shifts were observed in the controls. The study 

identified more than 2,900 host and microbial interactions which are related to the IBD. 

The associated microbial taxa in these interactions comprise Faecalibacterium, 

Subdoligranulum, Roseburia, Alistipes, and Escherichia and metabolites such as octanoyl 

carnitine, SCFA and various lipids. Regulators of interleukins are among the key 

contributors of these metabolic networks (Lloyd-Price et al., 2019).   

Obesity and type 2 diabetes are two associated metabolic disorders and have been a global 

problem in the past two or more decades. Major contributing factors are lack of physical 

exercise and unhealthy diet habits, such as an increased food intake and rich in fat diets 

greater than the amount of energy needed by the person (Ley et al., 2005). However, the 

gut microbiota and its metabolites have been implicated to affect the host metabolism 

which triggers obesity and insulin resistance. Germ free mice colonised by microbiota 

isolated from caecum of a conventional grown mice showed a metabolic change and 

develop high adiposity linked to the microbiome colonisation despite reduction of food 

consumption (Backhed et al., 2004).  In line with this, the microbial ecology of genetically 

obese (ob/ob) and lean (+/+) mice was distinct: the former was characterised by 50 % 

low abundance of Bacteriodetes and high abundance of Firmicutes as compared to the 

lean mice (Turnbaugh et al., 2006). The microbiota in ob/ob mice were efficient in 

extracting more calories than the microbiota of (+/+) mice which ultimately result in 

enhanced adiposity and obesity. Microbiota transplantation from ob/ob mice to germ free 

mice also resulted in obesity (Turnbaugh et al., 2006). These observation were also 

observed in human studies, as the obese human subjects have low abundance of 

Bacteriodetes and high Firmicutes, which indicates that the microbial ecology plays 

significant roles in energy harvest and adiposity (Ley et al., 2006).  

Similar to obesity, the incidence of insulin resistance and type 2 diabetes mellitus (T2D) 

has been associated with the gut microbiota. An animal study conducted by Cani and 

colleagues (Cani et al., 2007) indicated that metabolic endotoxemia (diagnosed by high 
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plasma concentration of gram negative lipopolysaccharides (LPS)) that result either from 

high fat diet or infusion caused insulin resistance and type 2 diabetes. The binding of LPS 

to the multifunctional phosphatidyl inositol receptor (mCD 14) and toll like receptors 

(TLR4) in immune cells such as macrophages and neutrophils triggers the secretion of 

pro inflammatory cytokines (Sweet and Hume 1996), which ultimately affects the action 

of insulin. mCD 14 mutant mice have high insulin sensitivity. These findings  indicate 

that the LPS could affect insulin resistance through mCD14 based signal transduction 

(Cani et al., 2007).  

In parallel with this, the Type 2 diabetes mellitus (T2D) microbial gene catalogue was 

developed from faecal metagenome DNA sequencing of 145 Chinese individuals (71 T2D 

patients and 74 healthy controls) (Qin et al., 2012) to generate an updated catalogue of 

4,267,985 predicted genes.  The T2D patients showed a moderate degree of gut microbiota 

dysbiosis compared to healthy individuals, such as reduction in abundance of butyrate 

producing bacteria (Qin et al., 2012). This metagenome wide association study 

(MGWAS) revealed 60,000 T2D associated markers.  

Other important implications of dysbiosis of the gut microbiome is cardiovascular disease 

(CDV) which is one of the leading cause of death in the world. The advent of meta-omic 

technologies has enabled identification of novel metabolic pathways of the gut 

microbiome linked to the development of CDV. One of the microbial metabolites that is 

linked to CDV is trimethylamine (TMA). TMA is an intermediate of dietary lipid 

phosphatidyl choline degradation by the gut microbiota and is hepatically converted into 

trimethylamine-N-oxide (TMAO) using flavin monooxygenase (FMOs) result in 

atherosclerosis (Wang et al., 2011b). Supplementation of the phosphatidyl choline 

metabolites such as choline, TMAO, and betaine to  germ free mice enhanced 

upregulation of multiple macrophage scavenger receptors linked to atherosclerosis 

development, while suppression of the microflora in atherosclerosis-prone mice inhibited 

dietary choline related atherosclerosis (Wang et al., 2011b). Besides TMAO, metabolic 

products of amino acid catabolism by the gut microbiota and  host liver produces uremic 

toxins such as indoxyl sulfate, indoxyl glucuronide and indoleacetic acid (Devlin et al., 

2016) which are linked with chronic kidney failure (CDK) and associated heart failure 
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(Lin et al., 2014).  In addition the gut microbiota affect cardiac health via secondary bile 

acids such as deoxycholic acid and lithocholic acid binding to G protein-coupled 

membrane receptor 5 (TGR5) (Duboc et al., 2014). 

The dysbiosis of the human gut microbiota has been associated with non-alcoholic fatty 

liver. A microbial gene catalogue of cirrhosis was generated from 98 patients and 83 

healthy Chinese subjects (Qin et al., 2014) generating 2,688,468 non-redundant open 

reading frames (ORFs).  Merging of non-redundant ORFs from MetaHIT (Qin et al., 

2010) and T2D (Qin et al., 2012) provided 5,382,817 genes. Phylogenetic analysis of the 

liver cirrhosis and the healthy individuals showed that the former constituted fewer 

Bacteroidetes and higher abundance of Proteobacteria and Fusobacteria than the latter, 

although the faecal microbiome of both group were dominated by Firmicutes and 

Bacteroidetes (Qin et al., 2014). 

Another notable effect of the microbiota is their positive effect in immune system 

development. This was first observed in germ free mice, where the intestinal immune 

system was underdeveloped compared to conventionally raised mice. Germ free mice 

exhibited a reduced number of inter-epithelial lymphocytes, reduced number of goblet 

cells with reduced mucus thickness, altered crypt structure, and reduced size and number 

of Peyer’s patches (Deplancke and Gaskins 2001; Macpherson and McCoy 2015; Round 

and Mazmanian 2009). Besides GF mice were characterised by immature gut associated 

lymphoid tissues (GALT), lower number of antimicrobial molecules, and reduced amount 

of immunoglobulin A (IgA) (Chinen and Rudensky 2012).  Most of these immune related 

cells and structures characteristics were reversed when the germ free mice were 

deliberately colonised by diverse microbiota (Bouskra et al., 2008; Chinen and Rudensky 

2012).  

New studies have showed that perturbation in commensal gut microbiota can alter neural 

pathways and central nervous system (CNS) which can ultimately lead to anxiety, 

depression and autism spectrum disorders (Foster et al., 2017). Studies which revealed a 

reduction of high stress reactivity by Germ free mice, after colonisation with gut 

microbiota enlightens the association of the microbiota and brain studies (Neufeld et al., 

2011).  
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1.8. Probiotics, prebiotics and synbiotics 

In western societies, the prevalence of chronic illnesses, such as inflammatory diseases, 

colon cancer, and autoimmune disorders, which are all linked with gut microbiota 

dysbiosis, has increased (Sonnenburg and Sonnenburg 2019). Although antibiotic therapy 

has been the first line therapy in the treatment of many infectious diseases, in the case of 

chronic illnesses which have multifactorial causes, antibiotics have limited success in 

delivering the expected outcome. Besides, the inevitable antibiotic resistance exacerbates 

their use for such complex disorders (Boolchandani et al., 2019). Thus the use of 

exogenous supplementations of dietary bacterial (probiotic) and food ingredients 

(prebiotics) could aid the indigenous gut microbiota (Rastall et al., 2005) and prevent the 

occurrence of such chronic diseases.   

The idea of replacing harmful microbes with useful microbes was first proposed by the 

Russian scientist Eli Metchnikoff (Metchnikoff 1907) and the French scientist Henry 

Tissier (Tissier 1907) independently. Metchnikoff suggested bacteria present in 

fermented milk products would prevent the bacterial fermentation in the intestine and may 

promote health to the consumers, he claimed the longevity of the Bulgarian peasants could 

be attributed to the consumption of fermented milk products (Metchnikoff 1907). Tissier 

observed the absence of the Y (“bifid”) shaped bacteria in infants with diarrhoea and 

proposed supplementation of this bacteria could alleviate the diarrheal problem (Tissier 

1907).   

The word probiotic was first used by (Lilly and Stillwell 1965) to describe the product of 

one protozoan promoting the other.  later, it was modified by Fuller, to “A live microbial 

feed supplement which beneficially affects the host animal by improving its intestinal 

microbial balance” (Fuller 1989). The most recent definition of probiotics is “‘Live 

microorganisms which when administered in adequate amounts confer a health benefit on 

the host” (FAO/WHO 2001). To be regarded as a probiotic  a microorganism should fulfil 

the following criteria: be isolated from human GIT for safety, have a GRAS status by the 

FDA, be able to be produced in large scale in viable form and stay viable in the carrier 

and shelf lives, be resistant to gastric acid secretions in the GIT and bile acids, be able to 

bind to the intestinal mucus layer for colonisation and persistence,  be able to produce 
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antimicrobial compounds to inhibit pathogens and to restore normal health microbiota, be 

safe in food or clinical use even for immunocompromised patients and finally their 

efficacy and safety must have been proven in randomized, double blind, placebo control 

trials in humans (Dunne et al., 2001; Tuomola et al., 2001).  

The most widely used probiotics are developed from a few species of microorganisms  

belonging to the genera of Lactobaccillus (L. casei, L. acidophilus, L. rhamnosus, L. 

johnsonii, L. reuteri) and Bifidobacterium (B. longum, B. breve and B. bifidum) (Gibson 

2004 ). The mechanism of action of probiotics are species and strain specific (Hill et al., 

2014). The exact mode of action is not known but could comprise production of 

antimicrobial compounds/peptides that kill pathogenic bacteria, blockage of adhesion of 

pathogenic bacteria on the epithelial cells and immunomodulation of host cells (Ng et al., 

2009).  

Current progress of gut microbiome research has broadened the concept of probiotics, as 

previously uncharacterised microbial species have been studied for their potential 

probiotic properties, which are referred as next generation probiotics (O’Toole et al., 

2017). Beneficial commensal bacteria such as Akkermansia muciniphila and 

Faecalibacterium prausnitzii are considered as next generation probiotics, because of 

their natural adaptation to the colon (Bermúdez-Humarán and Langella 2018). Animal 

model studies using these two commensals showed they help prevent obesity and 

inflammatory bowel diseases. Advances in human gut microbiome studies have revealed 

that butyrate-producing bacteria such as Roseburia spp and Eubacterium hallii help in 

prevention of dysbiosis related inflammation and immune modulation (Hill et al., 2014).  

Faecal Microbiome Transplant (FMT) alleviated C. diffcile infection (van Nood et al., 

2013) and associated ulcerative colitis. However, FMT is not regarded as a probiotic, 

unless the type of species and strains for FMT application are clearly defined (Hill et al., 

2014).  Advances in technology has revolutionised the use of genetic modified derivatives 

of natural probiotic strains to produce “live bio-therapeutics” for alleviating targeted 

genetic defects.  Recently, a genetically engineered phenylalanine degrading derivative 

of E. coli Nissle,  SYNB1618 strain was developed following FDA regulations to treat 

Phenylketonuria (PKU), a genetic defect where the patients lack the key enzyme, 
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phenylalanine hydroxylase (PAH) and are unable to metabolise phenylalanine (Isabella 

et al., 2018).   

Prebiotics are non-digestible ingredients that selectively promote the growth and activity 

of certain groups of microorganisms in the colon that positively affect the consumer 

(Gibson and Roberfroid 1995). The definition of prebiotics has been modified, throughout 

the years by different scientists, however the latest International Scientific Association 

for Probiotics and Prebiotics (ISAPP) panel has provided a consensus definition of 

prebiotics as “a substrate that is selectively utilized by host microorganisms conferring a 

health benefit” (Gibson and Hutkins 2017). The desirable criteria of a food ingredient to 

be regarded as a prebiotic comprise: resistant to the host digestive enzymes in the upper 

digestive tract and not absorbed in the GIT, fermented by the resident intestinal microbiota 

and to selectively stimulate the growth and proliferation of groups of bacteria associated 

with health and wellbeing (Gibson et al., 2004). Prebiotics could be administered orally 

or directly to microbial colonised body sites such as skin and vagina. The ISAPP panel 

also provided the scope of the health impact of prebiotics, and it comprises promoting 

GIT health (for instance, via exclusion of pathogens and immune modulation), cardio 

metabolism (reduction of level of blood triglycerides and insulin resistance), and mental 

health (for instance metabolites that alter brain function). These health benefits of 

prebiotics should be confirmed in animal models through microbiota modulation (Gibson 

and Hutkins 2017). The selective fermentation of prebiotics by some group of 

microorganisms mainly Lactobacilli and Bifidobacterium has been well documented. 

Metagenome studies revealed that supplementation of prebiotics also enhances the growth 

of other members of the microbiota such as butyrate producing Faecalibacterium 

prausnitzii (Lopez-Siles et al., 2017). Butyrate and the other SCFA have been clearly 

indicated in promoting normal health to the host.  Thus, any ingredient which could be 

metabolised by some microorganisms in the gut but not by all and not by pathogens and 

enhance production of SCFA and ultimately promote overall health of the host can be 

regarded as prebiotic.  

The past decades have resulted in the identification of carbohydrate prebiotics (listed 

below) with substantial experimental proof to enhance the selective growth of probiotic 
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bacteria, such as Bifidobacteria and Lactobacilli, and the inhibition of several enteric 

pathogens (Gibson et al., 2004).  

i. Inulin constitutes an oligomer of either α-D-glucopyranosyl-[-β-D-

fructofuranosyl]n–1-β-D-fructofuranoside or β-D-fructopyranosyl-[β-D-

fructofuranosyl]n–1-β-D-fructofuranoside with β (2↔1) linkage between 

fructosyl - glucose always as in sucrose, but β (1←2) linkage between 

fructosyl - fructose.  Chicory inulin constitutes oligosaccharides of up to sixty 

degree of polymerisation (DP), and enzymatic hydrolysis of inulin using endo 

-inulinase produces fructooligosaccharides (FOS) from three to seven DP. The 

FOS can also be produced by transfucosylation activity of β-fructosidase.  

ii. Xylooligosaccharides (XOS) are produced via enzymatic hydrolysis of xylan 

from maize cobs. 

iii. Glucooligosaccharides can be produced by the enzymatic action of dextran 

sucrase from sucrose in the presence of maltose  

iv. Lactose-based prebiotics: 

a) Galactooligosaccharides (GOS) are produced by the enzymatic 

transgalactosylation of lactose using β-galactosidases.  These mixtures of 

oligosaccharides constitute tri to Penta saccharides with β (1→6), β (1→3) 

and β (1→4) linkages.   

b) Lactulose is a disaccharide produced via isomerisation of lactose and 

constitutes galactosyl β-(1→4) fructose.  

c) Lactosucrose is produced from lactose and sucrose by the enzymatic β-

fructofuranosidase. 

d) Lactitol, lactobionic acid, tagatose and gluconic acid are produced by 

chemical reaction such as oxidation or reduction from lactose. 

v. Soybean oligosaccharides constitute oligosaccharides with α galactosyl 

sucrose derivatives such as raffinose (tri saccharide, ) and stachyose( a tetra 

saccharide; β-D-fructofuranosyl α-D-galactopyranosyl-(1→6)-α-D-

galactopyranosyl-(1→6)-α-D-glucopyranoside.)          
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The selective fermentation of prebiotics in the human gut, mainly by Bifidobacterium and 

Lactobacillus species, has great health benefits (Rastall and Gibson 2015). Prebiotics and 

probiotics have potential in prevention of inflammatory bowel disease (Scaldaferri et al., 

2013). UC patients treated with probiotic VSL#3 mixture (Bifidobacterium breve, 

Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, 

Lactobacillus plantarum, Lactobacillus paracasei, Lactobacillus bulgaricus, and 

Streptococcus thermophilus) showed remission (Bibiloni et al., 2005). By promoting 

selective proliferation of commensals in the gut prebiotics could enhance competitive 

exclusion of pathogens via inhibition of adhesion or bacteriocin production (Aureli et al., 

2011). Moreover, fermentation of prebiotics such as GOS by bacteria to produce SCFA 

and lactic acid reduces the local pH in the GIT and pathogens are unable to thrive (Nath 

et al., 2017). Although direct supplementation of FOS to Crohn’s disease (CD) patients 

were not effective in alleviating symptoms, it induced the activity of immunoregulatory 

Dendritic Cells  (Benjamin et al., 2011). Lactulose has been implicated in decreasing 

hepatic encephalopathy, a condition caused by liver damage which ultimately causes high 

accumulation of ammonia in the blood stream (Weber 1996). The mechanism of its action 

is controversial but it’s presumed the breakdown of lactulose by gut microbiota  reduces 

absorption of ammonia in the blood stream and portal blood by decreasing pH (Clausen 

and Mortensen 1997). As a prebiotic lactulose selectively enhances growth of endogenous 

commensal microbiota such as Lactobacilli which results in reduction of urease producing 

bacteria (Riggio et al., 1990). In line with this, it was reported that lactulose ingestion by 

volunteer healthy humans has increased faecal bifidobacterial counts (Bouhnik et al., 

2004). In addition, prebiotics could decrease the incidence of colon cancer by reducing 

the accumulation of gut microbiota metabolites such as secondary bile acid, N-nitroso 

compounds (NOCs), ammonia, polyamines etc. which have carcinogenic effects (Louis 

et al., 2014). In addition, fermentation of prebiotics by bacteria results in the production 

of SCFA, such as butyrate, a nutrient to colonocytes and prevents colon cancer (Li et al., 

2018). The prebiotics and their effect on species such as Bifidobacterium and Lactobacilli 

have been implicated in modulation of immune system cells such as natural killer cells, 

macrophages, dendritic cells, T-lymphocytes etc. Prebiotics are implicated in regulation 

of energy intake, for instance, healthy adults fed with oligo fructose increased the 
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expression of gut hormones such as glucagon-like peptide 1 (GLP-1) and peptide YY3-

36 (PYY), via SCFA based activation (Verhoef et al., 2011).   

Prebiotics and health-promoting bacterial species go hand in hand, and their positive 

health effect on the consumer relies on the presence of both.  Abundant selective nutrient 

source in the form of prebiotics helps ensure colonisation of beneficial bacteria and their 

successful proliferation in the gut. Synbiotics are defined as “mixtures of probiotics and 

prebiotics that beneficially affect the host by improving the survival and implantation of 

live microbial dietary supplements in the gastrointestinal tract, by selectively stimulating 

the growth and/or by activating the metabolism of one or a limited number of health-

promoting bacteria, thus improving host welfare” (Gibson and Roberfroid 1995). 

Synbiotic supplementation (for example Bifidobacterium strains and 

fructooligosaccharides) could ensure the viability of the probiotic strains in the gut as the 

specific substrate will be readily available for fermentation, thus provide the intended 

health benefits (Collins and Gibson 1999).  

1.9 . Metagenomics 

The vast majority of microorganisms are uncultured by current cultivation techniques. 

Culture-independent approaches circumvent this limitation. It has enabled the disclosure 

of the microbial diversity, ecological roles and prolific genetic resources of uncultivated 

microorganisms (Riesenfeld et al., 2004). The term metagenome was first coined by 

Handelsman and his colleagues (Jo Handelsman 1998), to describe the collective genomes 

of microbial flora from a given environment. Thus, metagenomics describes the analysis 

of metagenome DNA.   

Metagenomes are screened either based on activity (function) or sequence. In the 

function-based screening the metagenome clones which encode a particular gene would 

be identified by the desired function. One functional metagenomics method is cloning of 

fragments of metagenome DNA into vectors in a heterologous host, to create a 

metagenomics library for identification of clones that encode natural products. Though 

it’s a straightforward approach, function-based screening is hindered by heterologous 

expression system of the host, mostly E. coli.  On the other hand, sequence-based 

approach either use a direct sequencing of the genomes and look for homologues 
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sequences for a particular gene of interest in database, and /or PCR based or hybridisation-

based approaches are followed to identify target gene. However, sequence-based 

approaches are limited by the inability to identify novel genes or novel sequences from 

metagenomes.   

1.9.1. Sequence based screening 

Recently sequence based screening approach are more widely used because of the 

advances of NGS sequencing (shot gun metagenomics) and easy accessibility of 

metagenomics sequencing data sets and computational tools that can be used to assemble 

and annotate short reads (Madhavan et al., 2017).  Protein- coding genes identified can 

be analysed with the help of protein data bank (NCBI, NR, Uniprot) or Pfam  (Fajardo 

and Fiser 2013) and CAZy database (Lombard et al., 2014b). Thus, one can infer the 

presence or absence of targeted genes (such as α-fucosidases and sialidases) based on 

sequence similarity searches and structural similarity with sequence data bases without 

the need of laborious screening procedures (Ngara and Zhang 2018). Once the necessary 

genes are identified, it’s possible to PCR and clone the genes into expression host for 

functional studies. However, this approach has its own drawbacks: such as its 

effectiveness is limited by the accuracy of genome annotation, the quality of the 

metagenome sequence and bioinformatics skills. Therefore, novel sequences which lack 

significant similarity within the data bases, could possibly be missed (Ngara and Zhang 

2018). Recently sequence-based screening has identified novel β-galactosidase enzyme 

sequences from metagenomic data using metagenomic rapid annotation subsystem 

technology (MG RAST) analysis. Thirty putative β-galactosidase genes were identified, 

the putative genes were PCR amplified, cloned and screened for β-galactosidase activity. 

Out of the 30 clones, 12 of them (40%) exhibited the predicted β-galactosidase activity 

(Liu et al., 2019b). The CAZymes encoding profiles of the microbiota residing in the 

human body sites from HMP project were analysed, the highest abundance of CAZymes, 

mainly for complex polysaccharide utilisation were detected from microorganisms 

residing in the human GIT (Cantarel et al., 2012). 
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1.9.2. Function based screening of metagenome libraries 

Function based screening of metagenome libraries is one of the leading techniques 

implemented to investigate and identify novel genes from uncultured microorganisms. 

The chances of obtaining previously uncharacterised genes are dependent on many 

factors; such as the host-vector system, size of the gene, abundance in the metagenome 

library, the assay method and efficiency of expression of the target gene in the 

heterologous host, mainly E.coli (Uchiyama and Miyazaki 2009). The metagenome DNA 

can be cloned in various vectors which suit for desired size and expression in the surrogate 

host E. coli. Plasmids are preferred vectors for cloning DNA fragments smaller than 10kb 

size, cosmids (25-35 kb), fosmids (25-40kb) and  bacterial artificial chromosomes (BAC) 

can accommodate 100-200 kb (Uchiyama and Miyazaki 2009). Many function-based 

screening for enzymes of the metagenome libraries have been conducted in agar based 

screening, usually based on the observation of a desired phenotype such as formation of 

halo or colour formation if chromogenic substrates are used. For example lipase and 

esterase enzymes from metagenome samples were screened in agar supplemented with 

tributyrin (Hardeman and Sjoling 2007) and positive clones that express functional lipase 

enzymes were identified by the formation of halo around the clones. Over the years 

function based screening of metagenomics library constructed from community DNA 

extracted from soil, sand, marine sediment, compost, hot springs, oceanic vents, acid 

drainage environments, soda lakes, human gut, thermite gut etc. have been screened for 

identification of industrially and biotechnologically important enzymes (Lorenz and Eck 

2005; Madhavan et al., 2017).  These screens have a lot of success in identification and 

characterisation of enzymes with novel properties that meet the demand of industries.  

Although metagenome sequence based studies have the lions share in terms of 

understanding the microbial composition, diversity and function of the human gut 

microbiota,  function based screening of human gut microbiome has identified enzymes 

from potentially uncultured microbes particularly with the complement of the genome 

annotation of the microbiome sequencing.  In the past few years, function-based screens 

for various enzymes were conducted from metagenome libraries of human gut microbiota 

DNA extracted from a sample of either faecal, mucosa or combination of both. For 
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example, the function-based screening for identification of CAZymes which catabolise 

breakdown of five different dietary fibres, β-glucans, xylans, β-(1-4)-galactan, pectin, and 

amylose. Out of 156,000clones (~5.46x109  bp DNA) screened 310 positive clones which 

express active β-glucanases, xylanases, galactanases, pectinases and amylases were 

identified (Tasse et al., 2010). The metagenome inserts of 26 selected clones with active 

CAZymes were sequenced, and 622 protein coding genes were identified, which are 

related to carbohydrate metabolism. The taxonomic prediction of these inserts revealed 

>50% of the sequences have no similarity in databases. Three inserts were comprised 

Bifidobacterium genome sequences, 9 inserts were Bacteroides; and 2 clones 

Eubacterium (Tasse et al., 2010). In line with other findings these data confirm that the 

Bifidobacterium and Bacteroides are the major glycan degraders in the human gut.  

Similarly  function based screening identified CAZymes and novel metabolic pathways 

related to breakdown of prebiotic carbohydrates such as XOS, FOS, GOS, inulin and 

lactulose (Cecchini et al., 2013b). Again, most of the selected clonal inserts were obtained 

from previously unidentified organisms. The identifiable inserts of faecal origin are 

predominated by Bifidobacterium species (50%) such as B. longum and B. adolescentis, 

followed by Bacteroides and Clostridiales.  The ileum sourced inserts had high diversity 

of microbes such as Bacteriodales, Clostridiales, Eubacterium rectale, Faecalibacterium 

prausnitzii, Streptococcus thermophiles. The high abundance of Bifidobacterium and 

Bacteroides species is in parallel with the glycan foraging ability of these two groups, 

which would indicate that they possess a wide array of GH enzymes (Milani et al., 2015a).  

1.10. Research goals 

In this PhD project, the major motivation is to understand the underlying mechanism of 

host–microbe interaction of the human gut microbiome through metagenomic and 

glycomic technologies. For this purpose, a human faecal microbiome metagenome library 

was used for function-based screening of glycoside hydrolase family enzymes particularly 

sialidases, α-fucosidases and β-galactosidases.  The microbiome uses these enzymes to 

breakdown dietary fibres (mainly of plant based non-digestible polysaccharides), HMOs 

and deconstruction of mucin O-glycans. Members of the microbiome which encode these 
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repertoires of the glycoside hydrolase enzymes have a success in the colonisation and 

adaptation in the human gut environment.  

The following were the hypotheses  

Hypotheses 

 How the glycoside hydrolases encoded by the members of the gut microbiome be 

identified through functional metagenomics approach for biotechnological 

applications? 

 How to improve the enzymatic property of glycoside hydrolases through 

immobilisation for industrial application? 

 Glycoside hydrolases encoded by human gut microbiome could impact host 

microbe interactions and provides clue about physiological status of the host. 

Objectives  

The main Objectives of this study were to:  

 Identify glycoside hydrolases from human gut microbiome metagenome library 

particularly sialidases, α-fucosidases and β-galactosidases. 

 Characterize the glycoside hydrolase properties of selected novel enzymes. 

 Determine the biological significance and biotechnological applications of the 

Glycoside hydrolase enzymes.   

 Characterise the property of an immobilized β-galactosidase from B. 

adolescentis and deduce its advantage over using free enzyme. 

The schematic representation of the function-based screen procedures used in this study 

are indicated below (Fig. 1.5) 
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Fig 1.5. A schematic representation of the function based and sequence based screening 

of the human faecal metagenome, used in this study.  

  

Faecal sample collection from a volunteer healthy adult women

Metagenome DNA extraction of representative gut microbiota community 

Fosmid library construction

Agar based screening for GH enzymes

Sialidases α-fucosidases β-galactosidases

End sequnecing of positive clones and identification of 
annotatted genes from database

Cloning and expression of target gene, and 
characterisation 

                                           Function-based screening 
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2.1. Bacterial strains, plasmids and fosmids 

The bacterial strains, plasmids and fosmids used for this study are listed in table 2.1.   

Table 2.1 Bacterial strains, plasmids and fosmids used in this study  

Bacterial strains, plasmids 

and fosmids 

     Genotype/ feature                Source 

E. coli   

BL21 (DE3) E. coli str. B F– ompT gal dcm lon hsdSB 

(rB
–mB

–) λ(DE3 [lacI lacUV5-T7p07 

ind1 sam7 nin5]) [malB+]K-12(λS)  

               Novagen 

 

EPI300 

 

F– λ– mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80dlacZΔM15 Δ(lac)X74 recA1 

endA1 araD139 Δ(ara, leu)7697 galU 

galK rpsL (StrR) nupG' trfA dhfr 

                

               Epicentre 

T7 express  fhuA2 lacZ::T7 gene1 [lon] ompT gal 

sulA11 R(mcr- 73::miniTn10--TetS)2 

[dcm] R(zgb-210::Tn10--TetS endA1 

Δ(mcrC-mrr)114::IS10 

 

               NEB (New England 

               Biolabs)          

Plasmids and Fosmids   

pET101 T7 promoter expression vector, AmpR                 Invitrogen 

pLysS T7p20 orip15A, CmR                 Novagen 

pCC1FOS Fosmid, CmR                 Epicentre 

pETM10 Expression vector harbouring the α-L-

fucosidase gene of Thermotega 

martima, ChloroamphenicolR,  AmpR 

        (Lezyk et al., 2016). 

pAf Expression vector harbouring the 

sialidase gene of Aspergillus fumigatus 

KanR 

(Warwas et al., 2010). 

pDMg1a    pET101harbouring BAD_1582 with  C-

terminal His-tag, AmpR 

                This study 
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2.2. Culture media and chemical supplements 

All media and chemical supplements were obtained from Sigma Aldrich unless otherwise 

stated. Antibiotics were used at the following final concentrations: Chloramphenicol (12.5 

µg ml-1), Ampicillin (Amp) (120 µg ml-1) and Kanamycin (Kan) (50 µg ml-1).  

Luria Bertani (LB) and MacConkey Media were prepared according to manufacturer’s 

instructions: LB agar (Lennox), LB broth (Miller), MacConkey agar base (Difco). Desired 

carbohydrates such as lactose, 2-fucosyllactose, 3-sialyllactose, 6-sialyllactose were 

added as an individual carbon source to MacConkey Agar Base to a final concentration 

of 0.5-1%. 

SOC medium   constituted 20 gl-1 tryptone, 5 gl-1 yeast extract, 8.6 mM NaCl and 1 M 

glucose.   

M9 salts (5X) 0.24 M Na2HPO4; 0.11 M KH2PO4; 43 mM NaCl; 94 mM NH4Cl; 0.09 

mM FeSO4.7H2O. 

M9 minimal media was prepared with 1x M9 salts, 2mM MgSO4, 0.1 mM CaCl2, and 0.3 

mM thiamine and 0.061 mM leucine. The M9 minimal media were supplemented with 

0.4% different carbon sources (lactose, glucose, 2-fucosyllactose, and fucose) were 

prepared.  

2.3. Transfer of the human faecal metagenome library to a new E. coli EPI 300-T1R  

         host  

A human faecal microbiome metagenome library that was previously constructed (Christy 

Agbavwe 2017) from a volunteer healthy adult human gut faecal sample using the Copy 

Control™ Fosmid Library Production Kit with pCC1FOS™ Vector (Epicentre) was used. 

The metagenome library was transferred into new heterologous host strain (EPI 300-T1R) 

as described below.  
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2.3.1. Preparation of fosmids from the stock human faecal metagenome 

           library 

Aliquots (7 ml) of stock human faecal metagenome library were taken out of the -80 oC 

freezer and thawed on ice. The aliquots were aseptically transferred to 75 ml LB broth 

containing Cm and 0.01% arabinose and incubated at 37oC with shaking at 150 rpm for 4 

h.  The culture was collected and centrifuged at 3000 x g for 15 min using Eppendorf 

centrifuge 5416.  The pellets were pooled and washed with sterile water (2x). Fosmids 

were prepared using PureLink® HiPure Plasmid Filter Purification Kits (Invitrogen) 

according to manufacturer’s instruction. The pellets were resuspended with 10 mL 

Resuspension Buffer (R3) with RNase A until cells suspension was homogeneous. Then 

10 mL Lysis Buffer (L7) was added, mixed gently by inverting the capped tube and 

incubated for 5 min at room temperature. After, 10 mL Precipitation Buffer (N3) was 

added and mixed immediately by inverting the tube until the mixture was thoroughly 

homogeneous. The lysate mixture was transferred into equilibrated HiPure Filter Midi 

Column (by adding 15 mL Equilibration Buffer (EQ1) to the cartridge). The lysate was 

allowed to pass through the filter by gravity flow. Then the Midi column was washed with 

20 ml Wash Buffer (W8). Fosmid DNA was eluted by adding 5 ml Elution buffer to the 

Midi column allowing the solution to drain by gravity. Thereafter, DNA was precipitated 

by adding 3.5 ml isopropanol to the eluate and incubated for 2 min at room temperature, 

centrifuged at 12000 x g for 30 min at 4oC (Sorvall GSA Rotor), the supernatant was 

discarded carefully. The pellet was resuspended in 3 ml 70% ethanol, centrifuged at 12000 

x g for 5 min at 4oC (Sorvall GSA Rotor), supernatant discarded. The pelleted DNA was 

air dried for 10 min to remove residual ethanol and resuspended in 100 µl sterile water. 

The concentration of the purified fosmid DNA were determined using NanoDrop 2000 

(ThermoFisher Scientific) and integrity of the DNA was checked using agarose gel 

electrophoresis. The fosmid DNA was kept in -20oC. 

2.3.2. Preparation of the heterologous host EPI 300-T1R  

The EPI300-T1R strain (supplied as a glycerol stock, by Epicentre) was streaked out on 

an LB plate without supplementation of antibiotic and incubated overnight at 37oC. The 

overnight grown strain was sealed with parafilm and stored at 4°C.  
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The day before the Lambda Packaging reaction, a single colony of EPI300-T1R cells were 

picked and inoculated into 50 ml LB broth + 10 mM MgSO4 + 0.2% maltose. The flasks 

were incubated overnight at 37°C with shaking at 150 rpm. On the following day just 

prior to lambda phage packaging procedure, 0.5 ml of the overnight grown cells were 

inoculated to 50 ml LB broth + 10 mM MgSO4 + 0.2% maltose and incubated at 37oC 

with shaking at 150 rpm till OD 600 of 0.8-1.0 was reached (~2 hours). The cells were 

stored at 4°C. 

2.3.3. Packaging the copy control fosmid DNA into MaxPlax Lambda  

            phages 

A single tube of the MaxPlax Lambda Packaging Extracts was withdrawn from -80oC 

freezer and thawed on ice. 0.25 µg of midiprep fosmid DNA was transferred to 25 µl 

Lambda packaging extract and incubated at 30oC for 2 h. After that, an additional 25 µl 

of the packaging extract was added and mixed by pipetting and incubated for additional 

2 h at 30oC. Afterwards, phage dilution buffer (PDB; 10 mM Tris HCl (pH 8.3), 100 mM 

NaCl, and 10 mM MgCl2) was transferred to the packaging reaction to make a final 

volume of 1 ml and mixed gently by inverting the tube. The reaction was completed by 

addition of 25 µl of chloroform followed by gentle mixing by inverting the tubes. The 

titre of phage particles (packaged copy control fosmid clones) was done first by diluting 

ten-fold serial dilution (1:101-1:103) in PDB. 10 μl of each dilution and undiluted phage 

particles were transferred to separate microfuges containing 100 µl EPI-300-T1R and 

incubated for 1 h at 37oC to induce infection. All the infected EPI-300-T1R cells were 

plated on LB agar containing Cm and incubated at 37oC overnight. The following day 

cfu/ml of each infection reaction were calculated, thereby the titre which gave the desired 

number of cfu/ml were selected. 

2.3.4. Plating and selecting the packaged copy control fosmid library 

The 1:102 dilution (1.0 E+07 cfu/ml) provided the desired number of colonies and 10 µl 

of this dilution was used to infect 100 μl of EPI-300-T1R cells, this reaction was carried 

out in 100 separate microfuge and incubated for 1h at 37oC. After 1 h, 100 μl was 

withdrawn from each microfuge tubes and plated on separate LB agar, containing Cm and 

incubated overnight at 37oC. The overnight grew colonies from each plate were suspended 
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with LB broth. 2 ml LB broth was added to the 1st plate and colonies were detached from 

the plate with sterile spreader and suspension was transferred to a 2nd plate to resuspend 

colonies and this was repeated till the 5th plate, then detached colonies were pooled and 

transferred to a 50 ml falcon tube.  Similarly, the colonies from the remaining 95 

plates were detached and transferred to the 50 ml falcon tube. Then 20% glycerol was 

added to the pooled fosmid library, aliquots of 0.5 ml of this library were transferred to 

cryotubes and stored at -80oC.  

2.4. Function based screening of the metagenome library 

The human faecal metagenome library was screened for identification of glycoside 

hydrolase enzymes through agar-based screening. A vial of stock human faecal 

microbiome metagenome library was taken out from -80oC and thawed on ice, a serial 

dilution which provided ~500 colonies per plate were prepared in LB broth. 100μl was 

plated on LB agar supplemented with the chromogenic/fluorescent substrates at desired 

concentration and chloramphenicol. Positive clones were identified based on their 

hydrolytic activity of chromogenic and/or fluorescent substrates as the hydrolytic 

products either cause colour change in the agar or fluoresce under UV exposure 

respectively, while the negative clones were disregarded. 

2.4.1. Functional Screening of metagenome library for β galactosidases 

The human faecal microbiome metagenome library was screened for pink colonies 

expressing a functional β-galactosidase enzyme on MacConkey Agar supplemented with 

lactose containing Cm and arabinose. Clones that appeared pink on the MacConkey agar 

were picked and streaked on LB agar containing chloramphenicol, arabinose and the 

chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-galactopyranoside (X-Gal) at final 

concentration of 40 µg ml-1for confirmatory test and positive clones identified by 

formation of blue colonies. The Miller assay (Miller 1972) was conducted on positive 

clones to determine β-galactosidase activity. The β-galactosidase positive clones, positive 

control lacZ+ E.coli Bl21 (DE3) and negative control lacZ- E. coli EPI300(pCC1FOS) 

were grown overnight and OD 600 nm of the overnight culture was determined. 100 μl of 

the overnight grown cultures of each clone were transferred to 2 ml microcentrifuge tubes 

separately and permeabilised by adding 900 μl of Z buffer (60 mM Na2HPO4, 40 mM 
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NaH2PO4.2H2O, 10 mM KCl, 1.0 mM MgSO4.7H2O, 50mM β-mercaptoethanol, pH 7.0) 

containing one drop of (0.1% SDS) and  two drops of  CHCl3 (chloroform) and  vortexed 

for 10 seconds. The tubes were incubated at 28 oC for 5 min then 200 μl of oNPG (4mg/ml 

stock, prepared in dH2O) was added to initiate the reaction. The time of addition recorded, 

and the reaction was stopped after sufficient yellow colour was developed by addition of 

0.5 ml 1M Na2CO3.  Then Absorbance at 420 nm was recorded, Miller unit was calculated 

as follows: 

                        Miller Units =  1000    x          OD 420nm   

1 t x V x OD600nm       

 

                                           Where; t= Duration of reaction in min 

                                                       V= Volume of the culture added in ml. 

 

2.4.2. Functional Screening of metagenome library for α-fucosidases  

In the first approach the human faecal microbiome metagenome library was screened for 

pink colonies expressing a functional α-fucosidase enzyme on MacConkey base agar 

supplemented with 2-fucosyllactose containing chloramphenicol and arabinose. Clones 

that appeared pink on this agar were selected. 

In the second approach the human faecal metagenome library was screened for α 

fucosidase enzyme encoding clones using LB agar supplemented with 100 µg ml-1of the 

chromogenic substrate 5-bromo-4-chloro-3-indolyl-α-L-fucopyranoside (X-fuc) 

(BIOSYNTH), positive clones were identified based on blue colony morphology. The 

strain E. coli   BL21 (DE3)  pLysS bearing an expression plasmid pETM10 with cloned 

recombinant codon optimised α-L- fucosidase gene of Thermotega martima pETM10 

(Lezyk et al., 2016) were used as a positive control.  A lawn of this strain streaked on LB 

agar supplemented with 100 µg ml-1 X-fuc and 0.1 mM IPTG formed blue colonies.  

The human gut microbiome metagenome library were screened for identifying α-L- 

fucosidase expressing clones using LB agar supplemented with 100 µg ml-1 X-fuc , Cm 

and arabinose. 
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2.4.3. Functional Screening of metagenome library for sialidases 

The human faecal microbiome metagenome library was screened for pink colonies 

expressing a functional sialidase enzyme on MacConkey base agar supplemented with 

1.024% of 3-siallyllactose or 6-siallyl lactose (GLYCOM) containing Cm and arabinose. 

Sialidase expressing clones were identified by the pink colony formation. E. coli strain 

BL21 (DE3) clone expressing well-described Aspergillus fumgatus sialidase (Warwas et 

al., 2010) was used as positive control, in the presence of 4-methylumbelliferyl-Neu5AC 

and IPTG, colonies fluoresce under UV light exposure. The E. coli BL21 (DE3) (pAf 

sialidase) and E. coli BL2 (DE3) (pET28b) were streaked on LB plates containing 0.025 

mM IPTG and Kan overnight at 37oC. The following day, the culture was overlaid with 

2.5 ml of solution containing (0.75% sterile agar, 1mg ml-l 2-(4-Methylumbelliferyl)- α-

D-N- acetylneuraminic acid sodium salt (4-MU-NANA, Apollo Scientific), 50 mM 

sodium acetate (pH5.5) ; 150 mM sodium chloride ; 4 mM calcium chloride ) and re-

incubated for overnight at 37oC. The pAf sialidase positive clone and pET 28 clones were 

exposed to UV illumination. It was expected that pAf sialidase positive clone would 

appear fluorescent after hydrolyzing the 4MU-NANA substrate while pET28b clone 

would be non-fluorescent. 

2.5. Genetic techniques 

2.5.1. Agarose gel electrophoresis 

Separation of DNA fragments were carried out by agarose gel electrophoresis (Biorad), 

in 1XTAE buffer (50X TAE stock was made; 242 g of Tris base, 57.1 ml of glacial acetic 

acid and 100 ml of 0.5 M EDTA (18.61 g of disodium EDTA•2H2O to 80 ml of H2O, pH 

8.0), 1:10,000 SYBR Safe, (10,000X stock) (Invitrogen). HyperLadder TM1 Kb (Bioline) 

was loaded on the first lane for reference and sample DNA was mixed with loading buffer 

blue (Bioline) and subsequently added to the agarose wells.  After electrophoresis, DNA 

samples stained with SYBR safe were visualised with epi blue illumination using AzureTM 

gel documentation system, Azure Biosystems with an inbuilt C-series capture software. 
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2.5.2. Purification of fosmids and plasmids  

For fosmid preparation a single colony of metagenome clone identified from function-

based screening of human faecal microbiome metagenome library was inoculated in 15 

ml LB supplemented with Cm and arabinose. The culture was grown for ~17 h at 37°C 

with constant shaking. For extraction of plasmid, a single colony of E. coli cells 

harbouring the target plasmid was inoculated to 15 ml LB broth supplemented with 50 µg 

ml-1 kanamycin (pAf silalidase) and 34 µg ml-1 chloramphenicol  (pLys S) and culture 

was grown for ~17 h at 37°C with constant shaking. Plasmid pLysS was purified from E. 

coli Rosetta2 (DE3) pLysS (Novagen). The following day bacterial culture was 

centrifuged at 3000 x g (Eppendorf centrifuge, 5416) for 15 min at room temperature. The 

supernatant was decanted carefully, and the pellet was kept frozen until used. The pellet 

was resuspended in 600 μl of buffer P1 (QIAGEN Plasmid Mini Kit) by pipette action. 

Then 600 μl of buffer P2 (QIAGEN) was added, mixed by inverting the tubes 4-5 times 

until the lysis blue reagent in P1 is uniformly distributed and incubated for 5 min at room 

temperature to lyse the cells. At 5 min, 800 μl of buffer N3 was added and the cell lysis 

suspension was mixed well by inverting the tubes 4-5 times. The mixture was centrifuged 

(Eppendorf, 5415D) at 13,000 rpm for 10 minutes at room temperature. The supernatant 

(800µl at a time) was transferred to a single Miniprep column (3X spins, flow through 

removed after each spin). The column was washed with 500 μl buffer PB centrifuged at 

13,000 rpm for 1 min, followed by a second wash with 750 μl buffer PE and centrifugation 

for 1 min at 13,000rpm. The residual PE buffer was removed by centrifugation at 13,000 

rpm for 1 min. Fosmid/plasmid  DNA was eluted from the mini prep column with  50μl 

of pre-heated (70°C ) sterile water, elution was repeated (into the same tube)  with 30μl 

of pre-heated sterile water. The concentration of fosmid/plasmid DNA was quantified 

using Nano drop. 

2.5.3. Restriction analysis of fosmids  

Fosmid DNA was digested with combination of either of the following restriction 

enzymes BamHI, SacI, SmaI, and HindIII (ThermoFisher scientific) and the restriction 

products visualised by agarose gel electrophoresis. The restriction reaction mix contained 

(4.5μl H2O, 1 µl 10X FastDigestBuffer (ThermoFisher Scientific), 0.5 µl of restriction 
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endonuclease) 4 µl fosmid DNA. The mixture was incubated at 37oC for 1 h and 30 min. 

Restriction products were analysed by the pattern of migration on agarose gel 

electrophoresis.  Clones that had distinct restriction patterns were further analysed by end 

sequencing (Eurofins genomics). 

2.5.4. Sequencing of fosmid inserts and bioinformatic analysis 

Distinct fosmid clones which were identified through agar based screening were 

sequenced (Eurofins Genomics custom DNA sequencing service) using pCC1FOS 

sequencing primers (forward primer GGATGTGCTGCAAGGCGATTAAGTTGG and 

reverse primer CTCGTATGTTGTGTGGAATTGTGAGC) to generate DNA sequences 

of the flanking regions of insert sequences in the fosmids.  

The forward and the reverse nucleotide sequences generated from end sequencing 

reactions of metagenome clones were analysed using NCBI nucleotide and protein Blast 

services (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conserved domain databases (CDD), 

and Pfam were used to identify the conserved amino acid sequences in the target protein.  

Smart BLAST and Constraint-Based Multiple Alignment Tool COBALT (Papadopoulos 

and Agarwala 2007) were used to identify homologues of BAD_1582 with the landmark 

sequences. In addition PSORTb subcellular localization tool was implemented to predict 

subcellular protein localization (Yu et al., 2010). 

2.5.5. Polymerase Chain Reaction  

To determine the presence of BAD_1582 in fosmid clones which showed β-galactosidase 

activity PCR was carried out following the Taq DNA polymerase kit (Bioline). The 

forward primer (ACGTATGCCTCGAATCG) and reverse primer 

(CATATTTGGATAGCTC) were designed to amplify BAD_1582 gene sequence of B. 

adolescentis. The PCR reaction mix contained (5x Mytaq DNA polymerase, 5 µl; 

Forward primer (5 pmol µl-1), 2 µl;  reverse primer (5 pmol µl-1), 2 µl; My Taq DNA 

polymerase, 0.125 µl; Nuclease free water, 14.875 µl)  fosmid DNA from each clone, 10 

ng µl-1)  PCR was run at the following cycling condition (25 cycles: 30 s at 95oC, 30 s at 

45oC, 90 s at 72oC) using thermocycler (Eppendorf mastercycler® gradient, Hamburg, 

Germany).  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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For the purpose of cloning, a blunt end PCR product of BAD_1582 was amplified using 

one of the β galactosidase positive fosmid clone DNA (Clone 31) as template. To enable 

directional cloning a forward primer was designed by incorporating four nucleotides, 

CACC, which base pair to the GTGG overhang of the pET 101/D-TOPO vector. On the 

other hand the reverse primer were designed in such a way that it didn’t base pair with the 

overhang of the vector and by excluding the stop codon from the gene so as to incorporate 

the V5 epitope and C-terminal polyhistidine (6X His) tag from the vector as its depicted 

in Fig.2.1 below.  

                

 

Fig 2.1: The features of the pET101/D-TOPO® (5753 bp) vector, adapted from 

CopyControl™ Fosmid LibraryProduction Kit with pCC1FOS™ Vector instruction 

manual (http://www.epibio.com/applications/genomic-library-construction-kits-gene-

pcr-cloning-kits/cloning-genomic/copycontrol-fosmid-library-production-kit). 

 

 

 

http://www.epibio.com/applications/genomic-library-construction-kits-gene-pcr-cloning-kits/cloning-genomic/copycontrol-fosmid-library-production-kit
http://www.epibio.com/applications/genomic-library-construction-kits-gene-pcr-cloning-kits/cloning-genomic/copycontrol-fosmid-library-production-kit
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The forward primer (CACCATGGCAGATACAGCCGAACTC) and the reverse primer 

(GAACAGCTTGAGCTGAACGTTGAG) were used to amplify the target gene using 

Velocity DNA polymerase (Bioline) to generate a blunt end product. The PCR reaction 

contained (5x Hi-Fi Reaction Buffer, 10μl; 100mM dNTP Mix, 0.5μl; Primers (5pmol µl-

1 each, 1μl; Velocity polymerase, 1 μl, nuclease free water, 35.5 μl)  1 μl of template 

fosmid DNA Then sample and appropriate positive and negative controls were run in 

thermocycler (Eppendorf mastercycler® gradient, Hamburg, Germany) with cycling 

conditions (25 cycles: 30 s at 98°C, 30 s at 63°C, 1 min and 30 s at 72°C). The 

amplification of the target gene was confirmed using agarose gel electrophoresis and 

visualization with Azure Gel documentation system.  

2.5.6. DNA purification using wizard SV Gel/ PCR clean up kit (Promega) 

Purification of the PCR product was carried out using Promega- Wizard R SV gel and 

PCR clean up system following the manufacturer’s instructions. First of all, the blunt end 

PCR product was carefully excised from the agarose gel with sterile scalpel under UV 

visualisation. 120µl of membrane binding solution was added to the 120 mg of gel slice. 

The mixture was vortexed briefly and and incubated at 60°C for 10 min until the gel slice 

was completely dissolved. The dissolved gel mixture was transferred to the SV Mini 

column assembly and incubated for 1 min at room temperature. Then the SV Mini column 

assembly was centrifuged in Eppendorf micro centrifuge at 13,000 rpm for 1 min. the SV 

Mini column was washed with 700 µl membrane wash solution and centrifuged at 13,000 

rpm for 1 min The wash was repeated with 500 µl membrane wash solution, followed by 

centrifugation at 13,000 rpm for 5 min. Centrifugation was repeated for 1 min with the lid 

of the centrifuge tube opened so as to allow evaporation of residual ethanol. Afterwards, 

50 µl nuclease free water was added to the center of the column and incubated for 1 min 

at room temperature. The clean blunt end PCR product was eluted after centrifugation at 

13,000 rpm and micro centrifuge containing the pure DNA was stored at 4oC.   
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2.5.7. Cloning of identified β-galactosidase gene (BAD_1582) of  

           B. adolescentis 

The amplified DNA was cloned into pET101 (TOPO D) vector (Invitrogen) following the 

directional cloning kit protocol.  For successful cloning the molar ratio of PCR product to 

TOPO vector should be 2:1. Thus to determine the concentration of the PCR product, 

agarose electrophoresis was carried out (section 2.5.1) and HyperLadderTM 1kb was run 

as reference. The concentration of the PCR product was estimated by comparing the 

intensity of the band of the PCR product sample with the intensity of the bands in the 

HyperLadderTM 1kb. Then the molar ratio of the PCR product to TOPO vector was 

adjusted accordingly the cloning reaction contained (PCR product, 2 µl; salt solution, 1 

µl; TOPO® vector, 1 µl; 2 µl of sterile water was added to bring the final volume to 6 µl). 

Similarly, a negative control reaction was carried out incorporating all the components, 

except the PCR product.  The cloning reaction and the control were mixed gently and 

incubated at room temperature for 30 min. 

2.5.8. Transformation of chemically competent, E. coli T7 express cells   

T7 Express Competent E. coli cells (C2566H) were thawed on ice for 10 minutes. 3 µl of 

the TOPO® cloning reaction mixture was transferred to the thawed cell mixture. The 

control tube received an equal volume of negative control cloning reaction. After being 

kept on ice for 30 minutes, the cells were heat shocked at exactly 42°C for exactly 10 sec 

and immediately transferred on ice for 5 minutes. Finally, 950 µl of room temperature 

SOC was transferred to the tubes and incubated at 37°C for 60 minutes with vigorous 

shaking (250 rpm). At the end of incubation, several 10-fold serial dilutions were made 

in SOC. 100 µl of each dilution were spread onto a selection plate LB agar supplemented 

with Amp and incubated overnight at 37°C.  

2.5.9. Identification and Verification of cloned BAD_1582 into pET101 

A colony PCR was carried out to confirm the presence of inserted BAD_1582 gene in the 

transformed T7 Express E. coli colonies. For this purpose, portion of colonies from 37 

individual colonies were picked and suspended in 20 µl of sterile water separately. The 

suspension (1µl) was used as a template, PCR was carried out using My Taq DNA 

polymerase kit using the same primers and cycling conditions as used to generate the PCR 
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product for cloning. The PCR products were analyzed using 1% agarose gel 

electrophoresis for the presence of the correct size of BAD_1582 (3150 bp). The 

transformed colonies which contained  pET101 vector harboring BAD_1582 gene were 

named as E. coli T7 express (pDMg1a) and the colonies which only contained the pET101 

vector was named as E. coli T7express (pET101).    

Furthermore, plasmid was prepared from E. coli T7 express (pDMg1a) and E. coli T7 

express (pET 101) and the plasmids were digested using Hind III and Sac I and the 

restriction fragments analysed by agarose gel electrophoresis. The restriction enzymes 

were selected based on restriction map of pET 101D/Topo+BAD_1582 gene sequence 

built using pDraw software and the expected size of restriction products of pDMg1a 

(6058bp, 1576bp, 884bp, 374 bp) were predicted using this software.  

The presence of an intact sequence of BAD_1582 in pDMg1a was confirmed by primer 

walk sequencing of the plasmid pDMg1a, using couple of primers the first sequences were 

generated using T7 forward primer (5’-TAATACGACTCACTATAGGG-3’) and reverse 

primer (5’-TAGTTATTGCTCAGCGGTGG-3’). Subsequently using these sequences as 

template new primers were designed, forward primer (5’-

ATGACTATCGAAAGCACGCTGC-3’) reverse primer (5’-

CGCCGAACGTATATGAAACCATAC-3’) and additional forward primer (5’-

GCGCTTCATTCGAAGTCGATTG-3’) were also designed to cover the entire gene 

sequence (3150bp) of BAD_1582.    

2.5.11. Preparation of chemically competent E. coli T7express (pDMg1a)  

                              and transformation with plysS plasmid    

Chemically competent E. coli T7 express (pDMg1a) and T7express (pET101) were 

prepared. A single colony of T7express (pDMg1a) and T7express (pET101) were picked 

and separately inoculated in 30 ml LB broth (Amp, 120 µg/ml) and incubated overnight 

at 37oC with shaking. The following day 0.1 OD 600nm of the overnight cultures were 

individually transferred to 30 ml of fresh LB broth in 250 ml flask, incubated with shaking 

at 37oC for 90 min until OD 600nm ~0.4-0.7 was reached.  Cells were harvested by 

centrifugation at 2700 x g in a Sorvall GSA rotor for 10 minutes at 4°C. The cell pellets 

were resuspended in 30 ml of ice-cold sterile magnesium chloride and calcium chloride 
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solution (80 mM MgCl2.6H2O + 20 mMCaCl2.2H2O. Then the cells were recovered by 

centrifugation at 2700 x g for 10 minutes at 4°C, and the pellets were resuspended in 2 ml 

of ice cold 0.1M CaCl2.2H2O solution and became ready for chemical transformation and 

50 µl of aliquots were dispensed in to 2 ml Eppendorf tubes for immediate use, while the 

remaining were stored in 15% glycerol at -80oC.  100 ng of pLys S plasmid DNA was 

transferred into these cells by chemical transformation as described above with selection 

of transformed colonies on Cm and Amp. 

2.5.12. Preparation and Transformation of Electrocompetent E. coli BL21 

             (DE3)    

Electrocompetent E.coli BL21(DE3) cells was prepared by using the method described 

by (Joseph Sambrook 2003).  A single colony of E. coli BL21 (DE3) was inoculated in 

30 ml LB broth and incubated overnight at 37oC with shaking at 150 rpm. The following 

day an equivalent of 0.1 OD600 of the overnight grown cells were transferred to 50 ml LB 

broth. The culture was grown until the OD600 was 0.4, and then it was transferred to ice 

bath for 15 min. cells were harvested by centrifugation at 2,500 rpm in a Sorvall GSA 

rotor for 15 minutes at 4°C. The cells were resuspended in 50 ml of ice-cold sterile H2O 

and harvested by centrifugation for 20 min at 4oC. The cells were resuspended in 25 ml 

of ice cold 10% glycerol solution and cells were harvested by centrifugation for 20 min 

as above. The cells were resuspended in 1 ml of GYT medium (10% (v/v) glycerol, 

0.125% (w/v) yeast extract, 0.25% (w/v) tryptone). The cell suspension was diluted in 

GYT medium to obtain an equivalent of 0.1 OD600 (~ 2x108 cells ml-1), and aliquots of 40 

µl were immediately stored at -80oC.  

Electrocompetent E. coli BL21 (DE3) aliquots (40µl) were taken out from -80 freezer and 

thawed on ice.  One µl of pAf sialidase plasmid DNA (~100 ng) (Warwas et al., 2010) 

was transferred to the thawed E. coli BL21 (DE3) and to ice cold electroporation cuvettes. 

In parallel 1 µl (~100 ng) of empty pET28b vector was transferred to a separate tube 

containing thawed E. coli BL21 (DE3) for negative control.  Both samples were 

electroporated using micro pulser (Biorad), using the pre-programmed setting for E. coli 

0.2 cm cuvette (Ec2) and immediately 1 ml of room temperature SOC medium was added. 

These electroporated cells were transferred to bacterial culture tubes and incubated for 1h 
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at 37oC with shaking. 100 μl from each transformation were spread on selective LB plates 

containing kanamycin (50 µg ml-1) and 0.1 mM Isopropyl-β-D- thiogalactopyranoside 

(IPTG).  

2.6. Optimisation of expression of His-tagged BAD_1582 

The following four strains T7 express E. coli (pDMg1a), T7 express E. coli (pDMg1a) 

(pLysS), T7 express E. coli (pET101), and T7 express E. coli (pET101) (pLysS) were 

used for optimisation of BAD_1582 expression for different parameters such as IPTG 

concentration and time of induction. A single colony of each of the four strains were 

grown overnight in 250 ml conical flask containing 30 ml LB broth (with added Amp for 

pDMg1a and pET101 harbouring strains and Amp+  Cm (34 µg ml-1) for pLysS 

harbouring strains at 37oC with shaking. The following day 0.1 OD 600nm of the respective 

overnight grown strains were transferred to 250 ml conical flask containing 30 ml of LB 

broth supplemented with antibiotics incubated for 90 min at 37oC with shaking until 

OD600nm (~0.4-0.7) in duplicates. Two concentrations of IPTG (0.1 mM &1 mM) were 

transferred to either of the duplicates for each strain; and the flasks were incubated at 37oC 

with shaking for IPTG induction.  Aliquots (50 µl) were withdrawn at 0 h, 1 h, 2 h, 3 h 

and 4 h time points after IPTG addition, centrifuged at 13000 rpm, pellets were stored at 

-20oC for SDS analysis.  The pellets collected from each strain at those different 

conditions were resuspended in 40 µl of 1X Laemmli buffer and incubated at 85oC for 5 

min. After, 10µl of each time point and IPTG induced cell lysates were analysed using 

SDS PAGE as described below (2.10.2). 

2.7. Expression and preparation of cell lysates 

E. coli T7 Express (pDMg1a) were grown to mid-log phase (OD600nm between 0.4 and 

0.7) in 1000 ml conical flask containing 150 ml LB broth at 37oC with shaking.  1 mM 

IPTG was added and the culture was incubated for 4 h at 37oC to induce expression. A 

100 µl aliquot of the culture was then assayed for -galactosidase activity using the Miller 

assay (Miller 1972). Cells were harvested by centrifugation at 3000g (Eppendorf, 5416 

centrifuge), stored at -20oC. The pelleted cells were resuspended in 2.5 ml lysis solution 

(bug buster protein extraction reagent supplemented with lysozyme, 2 µl/ml of extraction 

buffer) (Merck, USA) incubated at room temperature on a shaker. A 30 µl aliquot of total 
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cell lysate was stored at -20oC for SDS PAGE analysis. The lysate was centrifuged at 4oC 

for 20 min at 16,000 g (Beckman CoulterTM Microfuge® 22R centrifuge), supernatant 

(soluble fraction) was collected and pooled in 2 ml microcentrifuge tubes and immediately 

used for Ni2+-nitrilotriacetate (Ni2+-NTA) affinity chromatography purification. The 

pellet (insoluble fraction) together with the total cell lysate and the soluble fraction were 

analyzed by SDS-PAGE (section 2.10.2) to confirm the location of the expressed enzyme 

(BAD_1582).  

2.8. Ni2+-nitrilotriacetate (Ni2+-NTA) affinity chromatography purification 

The soluble fraction collected after cell lysis were subjected to Ni2+-nitrilotriacetate (Ni2+-

NTA) affinity chromatography to purify the His-tagged enzyme.  HisPur™ Ni-NTA Spin 

Columns (0.2 ml) (ThermoFisher Scientific™) were used for purification of the His-

tagged BAD_1582 enzyme from soluble protein extract according to manufacturer’s 

instruction. For sample preparation, soluble protein extract obtained from one lysis tube 

(2.5 ml) was mixed with equal volume of equilibration buffer, 10 mM imidazole in PBS 

(20 mM sodium phosphate, 300 mM sodium chloride pH 7.4). The HisPur Ni-NTA Spin 

Column were equilibrated with 450 µl of equilibration buffer and allowing the buffer to 

enter the resin bed, the buffer was removed by centrifugation at 700xg for 2 min. 500 µl 

of the prepared protein extract sample were loaded to the resin, the columns were 

incubated on a rocker at room temperature for 30 min. and centrifuged at 700 xg for 2 

min and the flow through was collected in new 2 ml microcentrifuge tube. The procedure 

was repeated until the whole sample was processed. Then the resin was washed 5 times 

with 500 µl 25 mM imidazole in PBS, thrice with 500 µl 50 mM imidazole in PBS and 

thrice with 500 µl 75 mM imidazole in PBS with centrifugation at 700 xg for 2 min after 

each wash to remove contaminant proteins. Finally, 250 µl of 250 mM imidazole in PBS 

was added to the resin bed, centrifuged at 700 xg for 2 min to elute the His-tagged 

BAD_1582. The elution was repeated 6X and eluates were collected in separate collection 

tubes. Aliquots 20 µl and 15 µl were withdrawn for Bradford assay and (2.10.1) and SDS 

PAGE analysis (2.10.2) respectively from each elution fractions, the remaining samples 

were stored at 4oC.  
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2.9. Ultrafiltration with100K (MWCO) Amicon® Ultra-0.5 and 4 centrifugal filters 

The eluted fractions were subjected to ultrafiltration using 100K MWCO Amicon Ultra-

4 centrifugal filters (Merck, USA) according to manufacturer instruction.  

When 0.5 centrifugal filters were used, first of all each filter device was inserted to the 

microcentrifuge tube provided. 500 µl of eluted fraction was added on the filter device 

and centrifuged at 14,000 x g for 10 min. Filtrate was kept for analysis, to the concentrated 

enzyme containing filter device 450 µl of PBS was added and centrifuged at 14,000 x g 

for 10 min, filtrated discarded and the concentrated enzyme of ~50 µl in PBS was retained 

in the filter device. To recover the concentrated protein, the filter device was placed upside 

down into a clean microcentrifuge tube, centrifuged at 1000 x g for 2 min.  The filter 

device additionally rinsed with 50 µl of PBS by pipetting up and down, wash was 

collected by centrifugation at 1000 x g for 2 min.  

A similar approach was undertaken for the 4 ml Amicon Ultra-4 centrifugal filter, using 

4 ml of pooled eluates from the Ni2+-NTA column and centrifugal spins of 3000 x g for 

20 min. Samples were stored at 4oC, or in 50% glycerol at -20oC for long term storage. 

2.10. Protein analysis 

2.10.1. Bradford assay 

The concentration of proteins was determined using Bradford assay. Bovine serum 

albumin (BSA, 2 mg ml-1 stock) was serially diluted in PBS (pH 7.4) to obtain final 

concentrations of 0.1-1.4 mg ml-1. Then 5 µl each BSA protein standard concentration, 

PBS as blank and each protein sample was transferred to 96 well plates in triplicate. Then 

250 µl Bradford reagent was transferred to the standards, samples and blank wells and 

incubated at room temperature for 15 min. After, absorbance at 595nm was recorded using 

Tecan SunriseTM and concentration of the samples was determined from the standard 

curve of BSA. 
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2.10.2. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis  

            (SDS PAGE) 

Analysis of proteins was carried out using SDS-PAGE under denaturing conditions 

(Laemmli 1970) using the Mini-PROTEAN tetra cell electrophoresis system (Biorad) 

according to manufacturer instruction. 

For separation of the desired protein (~120KDa)  a resolving gel  of 10 % was selected 

(370 mM Tris-HCl, pH 8.8, 10% Acrylamide/Bis, 0.1% SDS, 0.1% ammonium persulfate 

and 0.1% N,N,N',N'-tetramethylethane-1,2-diamine (TEMED) . The stacking gels (4%) 

constituted (130 mM Tris-HCl, pH 6.8, 4% Acrylamide/Bis and 0.1% SDS, 0.07% 

ammonium persulfate and 0.14% TEMED. Then 1X running buffer (5X stock constitute, 

gl-1, Tris base, 14.5; Glycine, 75; SDS, 5) was used to run the gel.  

Samples, such as total cell lysates, soluble fractions, insoluble fractions, Ni-NTA eluted 

fractions and filtered fractions were prepared by mixing 20 µl of sample with 20 µl of 1x 

Laemmli sample buffer (diluted in dH2O) and heated at 85oC in a heat block for 5 min. 

Color pre-stained protein ladder was loaded to the first well and subsequently, 8 µl of 

(total cell lysate, soluble and insoluble fractions) and 12 µl of elute and filtered fractions 

were loaded to the next wells and electrophoresed at 185 V for 1 h.   

2.10.3. Staining SDS-PAGE gels 

The SDS-PAGE gels were stained with Coomassie staining or silver staining. The former 

was used for routine staining and the gels were immersed in Coomassie staining solution 

(45% methanol, 10% acetic acid, 1 gl-1 Coomassie Blue R) for 45 min in a rocker. The 

gels were destained overnight with a destaining solution (5% ethanol and 7% acetic acid). 

The gels were visualized using the Azure gel doc system with white light imaging.  

For more sensitive detection of purified proteins, SDS gels were stained with silver stain 

(Conway et al., 2016) using the Thermo Scientific™ Pierce™ Silver Stain Kit according 

to manufacturer’s instruction. The gel was washed with sterile water for 5 minutes (2 x) 

on an orbital shaker. Then the gel was incubated in fixing solution (30% ethanol: 10% 

acetic acid) for 15 minutes (2 x). Then washed with 10% ethanol for 5 min (2 x) and with 

sterile water for 5 min (2 x) successively. The gel was sensitized in a sensitizer solution 

(50 μl Sensitizer with 25mL water) for 1 min, after the sensitizer solution was removed, 
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the gel was washed with sterile water for 1 min (2 x). The gel was immersed in silver stain 

working solution (0.5 ml Enhancer with 25 ml Stain) and incubated on an orbital shaker 

for 30 min to be stained. The silver stain solution was removed, and the gel was washed 

with sterile water for 20 seconds (2x). Then, the gel was developed with developer 

working solution (0.5 ml Enhancer with 25 ml Developer) for 3 min. After the bands 

appear the developer solution was removed, washed briefly and replaced with stop 

solution (5% acetic acid) incubated for 10 minutes. Image was taken using CanoScan 

9000F Mark II image scanner. 

2.10.4. Immunoblotting 

Western blotting of proteins were carried out according to the method developed by 

(Burnette 1981).  The proteins from the SDS-PAGE gels were transferred to nitrocellulose 

membrane in transfer buffer (48 mM Trizma base, 39 mM glycine, 1.3 mM SDS, 20% 

methanol, pH 9.2). On a western blot apparatus (V20-SDB 20 x 20cm Semi-Dry Blotter, 

SCIE-PLAS).  The transfer was carried out at 60 mA/ for 45 minutes. The nitrocellulose 

membrane was immersed in blocking solution (1.25 g skim milk in 1X TBS) and 

incubated for 1 h on an orbital shaker at room temperature.  Then the nitrocellulose 

membrane was washed 3 times in 1xTBS for 5 min on an orbital shaker. Thereafter, 

antibody solution was added and incubated for 1 h  on an orbital shaker. (Antibody 

solution; 15 ml 1xTBS, 0.15 g BSA (bovine serum albumin) and 15 µl of antibody 

(A7058-1VL monoclonal anti polyhistidine peroxidase antibody, Sigma Aldrich). The 

nitrocellulose membrane was washed 3 times with 1XTBS for 5 min.  Finally, the blot 

was probed by adding 1 ml of Tetramethyl Benzidine (TMB) until sufficient color was 

developed. The membrane was rinsed with sterile water and the image of the blot was 

taken using Canon CanoScan 9000F Mark II scanner. 

2.11. The β-Galactosidase (BAD_1582) enzyme characterisation 

2.11.1. β -galactosidase activity assay 

The β-galactosidase activity of BAD_1582 was determined using the chromogenic 

substrate ortho-nitrophenyl-β-D-galactopyranoside (oNPG). The assay was carried out in 

a microtiter plate containing 8.75 mg ml-1 purified enzyme, 2 mM ONPG in 50 mM 
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sodium phosphate buffer in a final volume of 100 µl, at pH 7.0 and 37oC for 30 min. The 

reaction was stopped by addition of 100 μl 1M sodium carbonate (final conc. 500 mM). 

The hydrolysis product ortho-nitrophenol was detected by measuring absorbance at 420 

nm (Biotek microplate spectrophotometer). A unit of an enzyme activity (1U) is defined 

as the amount of purified enzyme used to liberate 1 µmol of oNP from the oNPG substrate 

per min in 50 mM sodium phosphate buffer (pH 7.0) at 37oC.   

2.11.2. Effects of pH, temperature, divalent cations and denaturants /  

            detergents on the activity and /stability of BAD_1582 

The optimum pH for enzyme activity was determined by using oNPG as a substrate in 

sodium phosphate buffer (50 mM) and Z-buffer (Na2HPO4, 60 mM; NaH2PO4.2H2O, 40 

mM; KCl, 10 mM, MgSO4.7H2O, 1 mM; 2-mercaptoethanol (BME), 50 mM) set at pH 

ranges of 4.0 to 10.0. The pH stability of the enzyme was determined by pre-incubating 

the enzyme in 50 mM sodium phosphate buffer set at pH 4.0-10.0 for 24 h at 4oC. The pH 

of the pre-incubated enzyme was readjusted to pH 7.0 before the β-galactosidase activity 

were measured. 

The effect of temperature on the enzyme activity was determined at different temperatures 

(0 -60oC) in 50 mM sodium phosphate buffer at pH 7.0. The temperature stability of the 

enzyme was determined by preincubating the enzyme solution in sodium phosphate buffer 

at those set temperatures for 1 h, after which the enzyme was brought to 37oC and β- 

galactosidase activity was determined.   

The effect of metal ions on the activity of the enzyme was determined in 50 mM sodium 

phosphate buffer (pH 7) and Tris-HCl buffer (pH 7). Initially, the effect of Na+ (NaCl), 

K+ (KCl), Mg2+ (MgCl2) on the activity of the enzyme were determined in sodium 

phosphate buffer at final concentrations of 10 mM.  Secondly, as most of the divalent 

cations were insoluble in phosphate buffer, 100 mM Tris-HCl buffer was used to 

solubilize those cations and hence their effect determined. The following metal ions 

CaCl2, MgCl2, ZnCl2, FeCl3, CuSO4, and MnCl2 at a final concentration of 10 mM were 

dissolved in 100 mM Tris-HCl buffer (pH 7) and their effect on the activity of the enzyme 

determined. To determine the effect of EDTA on the activity of BAD_1582 the enzyme 
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was pre-incubated in the presence of EDTA (final concentration of 10 mM) in 50 mM 

sodium phosphate buffer (pH 7), for 3 h at 4oC. Controls of the same amount of enzyme 

incubated in sodium phosphate buffer containing 10 mM MgCl2 and in sodium phosphate 

buffer with no additional divalent metal ions were similarly prepared. Then, the β-

galactosidase activity was determined. 

The effects of detergents and denaturants on the activity of BAD_1582 were determined 

by performing the β-galactosidase assay with the enzyme in 50 mM sodium phosphate 

buffer/10 mM MgCl2 (pH 7) supplemented with the following reagents; sodium dodecyl 

sulfate (0.1, 0.5 and 1%), urea (0.1, 0.5, and 1 M), Triton X-100 (0.1, 0.5, and 1%), 2-

mercaptoethanol (1, 10 and 50 mM).  

2.11.3. Substrate specificity and kinetic parameter  

For substrate specificity test determination chromogenic nitrophenyl based substrates 

were used at a final concentration of 2 mM in 50 mM sodium phosphate buffer/10 mM 

MgCl2 (pH7), at 37oC. The nitophenyl substrates used were  pNP-β-D-galactopyranoside 

(pNPG), pNP-β-D-glucopyranoside (pNP-β-D-Glc), pNP-α-D-galactopyranoside (pNP-α-

D-Gal), pNP-α-D-mannopyranoside (pNP-α-D-Man), pNP-α-L-fucopyranoside (pNP-α-L-

Fuc) (Toronto Research Chemicals (TRC)), pNP-α-L-xylopyranoside (pNP-α-L-Xyl) 

(TRC), pNP-2-acetamido-2-deoxy-β-D-galactopyranoside (pNP-GalNAc) (TRC) and 

pNP-2-acetamido-2-deoxy-β-D-glucopyranoside (pNP-GlcNAc) (Carbosynth) and  oNP-

β-D-galactopyranoside (oNPG).  

The kinetic parameters of BAD_1582 were determined by measuring the β-galactosidase 

activity at different concentrations of oNPG (0.25, 0.5, 0.75, 1, 2.5, 5, 10, 20 mM) in 50 

mM sodium phosphate buffer (pH 7) at 37oC in a time course discontinuous enzyme assay 

monitored for 20 min. Aliquots were withdrawn at 2 min intervals and reaction was 

stopped by addition of 500 mM sodium carbonate and absorbance 420 nm were recorded. 

The Vmax and Km were calculated using the enzyme kinetics module tool of Sigma Plot 

software version 14.0 (Systat Software, San Jose, CA) from initial velocity versus 

substrate concentration plot. Both Michaelis-Menten kinetics and Lineweaver-burke plot 

transformation were implemented to determine the kinetic parameters.  
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  2.11.4. Inhibition assays using lactose, galactose and glucose  

In order to investigate whether BAD_1582 is inhibited by lactose, galactose and glucose, 

β-galactosidase activity was determined in an assay containing 0.25-75 mM lactose, 5-

700 mM galactose or 5-700 mM glucose in the presence of 1 mM colorimetric substrate 

oNPG and the enzyme BAD_1582.   

A time course enzyme assay was carried out in the presence of lactose (0.75-30 mM) or 

galactose (10-700 mM) and 1mM oNPG to determine the Ki of lactose and galactose. The 

assays were monitored for 20 min, aliquots were withdrawn at 2 min intervals after 

reactions were stopped and absorbance at 420 nm recorded.  The rate of the enzyme was 

calculated from progress curves of these time course assay. The Ki of lactose and 

galactose were calculated by applying competitive inhibition kinetics using sigma plot 

enzyme kinetic module.  

2.11.5. Degalactosylation activity of BAD_1582 on glycoproteins 

The degalactosylation activity of BAD_1582 was carried out using asialofetuin as a 

substrate, fetuin was used as a control.  A final reaction volume of 10 µl contained; 5 µl 

of asialofetuin / or fetuin (1 mg/ml stock was prepared in water), 4 µl of phosphate buffer 

supplemented with 20 mM MgCl2.6H2O, and 1 µl of enzyme (BAD_1582, 0.0875 µg / µl 

stock in PBS).  A negative control without enzyme/ instead sterile water was prepared for 

both substrates. Two sets of triplicate reactions for both substrates were prepared. After1 

h and 8 h 37oC. an equal volume of 1x Laemmli loading buffer were added to each sample 

and incubated at 85oC in a heat block for 5 min. Samples were analyzed using SDS-PAGE 

(section2.10.2). 

2.11.6. Transgalactosylation activity assay  

Transgalactosylation activity of BAD_1582 was analysed by three approaches in 50 mM 

sodium phosphate buffer/10 mM MgCl2 with 1.5 units/ml enzyme in a volume of 0.2 ml 

at pH 7.0 and 37oC. The first approach was carried out using pNPG as galactosyl donor 

and various saccharides as acceptors such as fructose, L-arabinose, GlcNAc, galactose, 

glucose and lactose. The assay contained 100 mM pNPG (25 mM pNPG when lactose 

used as acceptor) and 200 mM acceptor sugar. In the second approach, lactose was used 
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both as galactosyl donor and acceptor in which the assay contained 234 mM lactose. In 

the third approach, lactose was used as a galactosyl donor and L-fucose and N-

acetylneuraminic acid (Neu5Ac) were used as acceptors. The assay contained 200 mM 

lactose and 100 mM acceptor sugars. A control without enzyme was prepared for each of 

the transgalactosylation assays.  All the aforementioned assays were carried out for 24 h. 

After 24 h, the enzyme was inactivated by heating at 95 oC for 5 min. Samples were stored 

at -20 °C, until they were analysed by thin layer chromatography (TLC).  

TLC was carried out using silica gel 60G F254 glass/ aluminium foil plates as stationary 

phase. Samples and standards (1 µl) were spotted on the plates and the plates were 

immersed on a mobile phase of n-propanol: distilled water: ethyl acetate (7:2:1 v/v/v). 

The standard sugars were prepared in 50 mM sodium phosphate buffer (pH 7.0) with same 

concentration as transgalactosylation assays. Standard sugars used were commercial GOS 

(8%, Carbosynth), lactose, glucose, galactose, fructose, L-arabinose, GlcNAc, L-fucose, 

Neu5Ac and pNPG (75 mM). After separation, the TLC plates were sprayed with 10% 

sulfuric acid in ethanol, allowed to completely dry and then charred at 105oC for 5 min to 

visualise migration. Retention factor (Rf) values for each spot of transgalactosylation 

products were calculated by taking the ratio of distance travelled by each spot to distance 

travelled to solvent front and compared to the Rf values of the standard sugars. 

The synthesis of GOS using BAD_1582 were monitored in a time dependent assay with 

234 mM lactose. An aliquot of 6 µl were withdrawn from each triplicate at 4 h, 8 h, 24 h, 

48 h and 72 h and kept frozen. The aliquots from each time point were analysed using 

TLC, a commercial GOS (Carbosynth), lactose, glucose and galactose were used as a 

standard. 

2.12. Immobilization of BAD_1582 

Immobilization of Ni2+-NTA column purified BAD_1582 was carried out in sodium 

alginate and gelatin beads cross linked with glutaraldehyde (Freitas et al., 2012).  First 

6.6% of sodium alginate and 4.05% of gelatin (gelatin from bovine skin, Type B powder) 

were weighed out. Sterile water (7.935 ml) was added to bring the volume to 9 ml, the 

solution was mixed by vortexing and heating in a water bath to 80oC, clumps were 

removed with continuous stirring, until the solution was homogenous and maintained a 
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jelly consistency. The solution was brought back to a temperature below 40oC, kept in ice 

for 60 seconds and the purified enzyme (1ml, 37 units ml-1) were transferred to the 

solution and gently mixed. At room temperature the enzyme containing mixture was 

pumped at constant speed 8 rpm using Watson Marlow peristaltic pump, with 0.85mm 

diameter peristaltic tube (Watson Marlow), in to a 10 ml of 3.64% glutaraldehyde and 

0.05M CaCl2 solution placed in a magnetic stirrer for the formation of immobilized 

enzyme beads. The beads were maintained in the glutaraldehyde and CaCl2 solution for 

12 h at 4oC. After the beads were washed with 50 mM phosphate buffer (pH 7) and 

maintained in this buffer at 4oC until used for the enzymatic assay. Commercial β-

galactosidase from Aspergillus oryzae (sigma) solution were prepared in sterile water to 

bring the specific activity 37 units ml-1 and then immobilized in a similar fashion as that 

of BAD_1582, and the beads were washed with  50 mM acetate buffer (pH 4.5) .  Negative 

control beads without any added enzyme were prepared in a final volume of 10 ml. 

2.12.1. The β-galactosidase activity and reuse of immobilised BAD_1582 and  

             Aspergillus oryzae β-galactosidase 

The β-galactosidase activity of immobilized BAD_1582 was determined in an assay 

containing a final volume of 0.5 ml, 0.225 ml of 50 mM sodium phosphate buffer and 2 

mM oNPG (0.025ml of 20mM, stock prepared in distilled water) at pH 7 and at 37oC for 

30 min. The assay was stopped with 500 mM sodium carbonate and absorbance at 420 

nm was measured using Biotek spectrophotometer and specific activity of the enzyme 

was determined. The β-galactosidase activity was also determined using lactose as a 

substrate, at pH 7 and at 37oC for 30 min the assay was stopped by deactivating the 

enzyme at 95oC for 5 min and the amount of released glucose was quantitated using 

glucose-oxidase/peroxidase assay kit.   

The reuse of immobilised BAD_1582 and commercial β-galactosidase were conducted in 

50 mM phosphate buffer/10mM MgCl2 (pH 7) and acetate buffer (pH 4.5) respectively. 

The reuse activity of immobilised enzyme was conducted for 12 rounds with the same 

amount of beads and substrate except, the same beads were reused following stringent 

washes (4x) with buffer (50 mM sodium phosphate buffer for BAD_1582 and acetate 

buffer for β-galactosidase) to remove residual oNP from each assay.  
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2.12.2. Effect of pH, temperature and kinetic parameters of the  

            immobilised BAD_1582  

The effect of pH on β-galactosidase activity of the immobilized BAD_1582 was 

determined using oNPG as a substrate in 50 mM sodium phosphate buffer adjusted from 

pH ranges 4.5-10. To determine the pH stability of the immobilised BAD_1582, the beads 

were pre-incubated in 50 mM sodium phosphate buffer adjusted in pH ranges 4.5-10 for 

24 h at 4oC, then, the residual activity was determined by bringing back the beads to pH 

7 at 37oC.  

The effect of temperature on the activity of immobilised enzyme was determine by 

incubating the assay at different temperature (0-60oC), for temperature stability 

immobilized beads were  pre- incubated at temperatures (0-60oC) in 50mM sodium 

phosphate buffer pH 7 for 1 h, then the residual activity of immobilised enzyme was 

determined bringing back the beads at 37oC  at pH 7.  For comparison, the effect of pH 

and temperature on the β-galactosidase activity of free enzyme (equivalent concentration 

with the immobilised enzyme) was also determined alongside with the immmobilised 

enzyme, in a final volume 0.1 ml, containing 2 mM oNPG.  

The kinetic parameter of the immobilised BAD_1582 was determined from time course 

enzyme assay containing 2 mM oNPG in 50 mM sodium phosphate buffer at pH 7 and at 

37oC monitored for 20 min. The kinetics parameters were calculated using Sigma plot.  

2.13. Statistical analysis 

Three independent experiments were conducted in triplicate and the graphs were plotted 

from the mean of the triplicates. The error bars in the graphs represent the standard 

deviation (SD) (mean ± SD). Statistical significance was determined by using Student’s 

t-test, significance was represented with p-values < 0.001 = ***; <0.01 = ** and < 0.05 

=*.  
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3.1. Introduction 

One of the major hurdles presented in microbiological studies was the difficulty to 

cultivate representative species of microbes using the existing cultivation techniques. 

Studies have indicated that only <1% of the microorganisms in any habitat are cultivable 

(Amann et al., 1995).This was clearly described by the great plate count anomaly, a 

phenomenon in which the number of cultivated microbial cells is inconsistent with the 

number of cells counted under a microscope  (Staley and Konopka 1985). Different 

cultivation techniques have been implemented to enhance the cultivation of previously 

uncultivated microorganisms. Most of these cultivation methods mimic the natural 

environment of the microorganisms. Nevertheless, some natural conditions are difficult 

to mimic under laboratory settings, for instance, the chemistry of the microorganism’s 

natural habitat, diversity of microbes in a particular niche/habitat, seasonal changes, 

interactions of the biotic and abiotic factors (Pham and Kim 2012). Hence through 

cultivation methods, an insufficient number of microbial species are isolated, and the 

majority of the microbial species are either underrepresented or absent.              

The advancement of molecular techniques such as 16S rDNA sequencing, whole genome 

sequencing and functional metagenomics played a significant role in accessing genomes 

of uncultivated microbes from a wide range of habitats. The term functional 

metagenomics was first coined by Handelsman in 1998 (Jo Handelsman 1998). One 

methodology of functional metagenomics entails the isolation of representative microbial 

community DNA from a given habitat, cloning sections of this DNA into large vector 

constructs such as BACs and expression in a heterologous host for identification of novel 

functionalities. Functional metagenomics had become a well-established method in the 

identification of novel genes and enzymes or natural products from microorganisms 

residing in a range of habitats, such as soil, marine sediments and the human gut 

(Calderon et al., 2019; Cowan et al., 2005; Hardeman and Sjoling 2007; Langer et al., 

2006; Matsuzawa and Yaoi 2017). Functional metagenomics enabled access to novel 

genes and novel enzymes of industrial importance from uncultivable bacteria and archaea 

that reside in unexploited environments.  
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In the past two decades a considerable amount of research has been carried out to 

understand the microbial diversity and the metabolic function of the microbiota residing 

in the human gut.  16S rDNA sequencing and subsequent phylogenetic analyses of 

samples collected from mucosal sites of different regions of the colon and faecal samples 

of healthy human subjects has revealed that the Bacteroidetes and Firmicutes are the 

dominant bacterial phyla residing in the human gut, with a minority of Actinobacteria 

while  archaea was only represented by a single phylotype; Methanobrevibacter smithii 

(Eckburg et al., 2005; Gill et al., 2006). Deep sequencing of stool sample from 98 

individuals have revealed the predominant archaea was  Methanobrevibacter genus 

(present in 30of samples), followed by Nitrososphaera spp (detected in 16 samples)  and 

several other less abundant archaea were identified, besides 66 genera of fungi were also 

identified predominated by Candida genus (Hoffmann et al., 2013). Three enterotypes 

(which belong to the genera of Bacteriodes, Prevotella and Ruminococcus) of human gut 

microbiota were revealed after phylogenetic analysis of 39 human gut microbiome 

metagenome samples collected from human subjects in Europe and America (Arumugam 

et al., 2011). Enterotypes are defined as ‘‘densely populated areas in a multi-dimensional 

space of community composition’’ and should not be seen as discrete clusters, but as a 

way of stratifying samples to reduce complexity (Arumugam et al., 2011). Each 

individual human being harbours its own unique microbial species and strains, however 

diversity and composition of the microbiome also varies from each ecological niches in 

the human body, with maximum diversity detected in the human gut (Backhed et al., 

2005).  

The most intriguing human gut microbiome gene catalogue was obtained after Illumina 

metagenome sequencing of faecal samples collected from 124 human subjects (healthy 

adults, overweight, obese and Inflammatory bowel disease (IBD) patients) (Qin et al., 

2010).The result demonstrated that the human gut microbiome gene catalogue contained 

3.3 million microbial genes. 99.1% of the genes were of bacterial origin, 0.8% were 

archaeal and 0.1% of eukaryote and viral origin. An enormous number of genes encoded 

by the microbiota are lacking in the host , and are involved in the synthesis of essential 

amino acids and vitamins, hydrolysis of non-digestible complex carbohydrates, 

breakdown of xenobiotics, regulation of host immune system etc. (Jourova et al., 2019; 
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Kaoutari et al., 2013). Therefore, the gut microbiome is considered to be the second 

genome of the human host (Zhu et al., 2010). The human gut microbiota plays an 

enormous role in the maintaining homeostasis and health of the human host through 

affecting metabolism, modulation of immune system development and inhibition of 

pathogen colonization (Bull and Plummer 2014; Wardwell et al., 2011).  It has been 

demonstrated that an imbalance in the composition and diversity of the microbiota 

(dysbiosis) is linked to several metabolic disorders, such as type II diabetes  (Patterson et 

al., 2016), Inflammatory bowel disease  (Lloyd-Price et al., 2019; Oligschlaeger et al., 

2019), asthma (Abrahamsson et al., 2014), and autism spectrum disorders (Liu et al., 

2019a). Besides, a shift in the composition of the microbiota that resulted in a high ratio 

of Firmicutes to Bacteroidetes phyla has been associated with obesity and vice versa (Ley 

et al., 2006). 

The microbiota in the gut obtain their energy sources from dietary non-digestible 

carbohydrates, that pass the upper digestive tract such as plant material rich cellulose and 

lignocelluloses, resistant starch and short chain oligosaccharides (Flint et al., 2008). The 

microbiota encode a repertoire of carbohydrate active enzymes (CAZymes) to deconstruct 

the non-digestible carbohydrates. The CAZymes which break down carbohydrates are 

classified into four classes; Glycoside hydrolases (GHs), Polysaccharide Lyases (PLs), 

Carbohydrate Esterases (CEs) and very new class of CAZymes called auxiliary activities 

(AAs) are also created which function in breakdown  of lignocellulosic 

polysaccharides (Lombard et al., 2014a). Besides the dietary carbohydrates, some 

members of the gut microbiota source, their energy from host-derived O- linked and N- 

linked glycans, which are principal components of the mucus secretions (Marcobal et al., 

2013) and part of shed epithelial cells respectively (Koropatkin et al., 2012).  

The fermentation products of the non-digestible carbohydrates produce short-chain fatty 

acids (SCFA) such as acetate, butyrate, and propionate, which serve as nutrients for 

colonocytes and epithelial cells (Koropatkin et al., 2012). Besides the SCFAs serve as 

effector molecules in a signal transduction cascade related to metabolism (Trent and 

Blaser 2016), neural function through (gut microbiota-brain axis) (Dinan and Cryan 

2017).   
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Having a repertoire of glycoside hydrolase enzymes enable members of the microbiome 

to succeed in the human gut environment where the major carbon sources are plant 

derived dietary oligo and polysaccharides that transit the upper digestive tract, and host 

derived glycans. The members of the human gut microbiome such as  Bifidobacterium 

and Bacteriodes encode wide array of glycoside hydrolase enzymes (Pokusaeva et al., 

2011; Wexler and Goodman 2017) Herein a human faecal metagenomic library was 

constructed and used for screening clones which encode Glycoside hydrolase enzymes, 

particular interest was given to sialidases, α-fucosidases and β-galactosidases.  

3.2. Validation of the human faecal microbiome metagenome library using  

        restriction pattern analyses 

The human faecal microbiome metagenome library that was previously constructed was 

used as a starting material for this study (Christy Agbavwe 2017). Fosmids from this 

library were extracted and transferred to a new heterologous EPI-300T1R host. The initial 

library was calculated to contain 42,000 clones with each clone incorporating an insert 

size of 25-45 kb (Christy Agbavwe 2017). Hence an equivalent amount of clones with 

these insert sizes were generated with the new heterologous host. Twenty random clones 

were selected to predict the diversity generated in the metagenome clones. Fosmids were 

extracted and subjected to restriction endonuclease digestion (Bam HI and Sma I) and the 

diversity among the clones was examined by the restriction pattern generated on 1% 

agarose gel electrophoresis.  The pCC1FOS vector (8,139 bp size) has two restriction sites 

for Bam HI (at positions 354 and 366 bp on the vector map) and three restriction sites for 

Sma I (at positions 351, 652 and 3492 bp) (Fig 3.1). The cloned insert in the pCC1FOS 

vector is located at position 361, and the bands of the pCC1FOS vector (8,139 bp) after 

restriction enzyme digestion (8127 bp and 12 bp for Bam HI and 351 bp, 301 bp, 2,840 

bp and 4,647 bp for SmaI) were used as a reference and the presence of insert DNA in the 

metagenome clones were revealed by the presence of different restriction fragments other 

than the vector bands.  
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Fig 3.1 Restriction map of pCC1FOS vector, the restriction enzymes used indicated in 

red. This picture was adapted from Medicago truncatula genomic resource. 

 

It was expected that metagenome clones which harboured different inserts of the faecal 

microbiome DNA could show different restriction fragments. Hence the more diverse the 

metagenomic library the more diverse restriction fragments that would be obtained from 

the fosmid inserts after restriction endonuclease enzyme digestion.  However, the absence 

of restriction sites within the fosmid inserts for the target restriction enzymes would result 

in exactly similar restriction patterns showing only the vector bands and the undigested 

insert DNA.  The restriction pattern of the twenty clones revealed that clone 2 and 3 had 

the same restriction pattern after digestion by each of the two restriction endonucleases 

which indicates ~10 % of the clones could presumably be identical clones (Fig 3.2). Clone 

14 had only vector bands and hence ruled out from the further analysis (data not shown). 

The remaining clones have distinct restriction patterns with either one or both of the 
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restriction enzymes, and presumably, these are distinct metagenome clones (Fig 3.2). 

Therefore, the restriction analysis implies that 85% of the metagenome library contains 

distinct clones and hence the metagenome library is diverse. To confirm the diversity 

observed via restriction pattern analysis, the nineteen clones were end-sequenced and 

bioinformatic analyses were carried out to uncover the underlining diversity of the 

metagenome library.   

 

                       

 

 

 

 

 

 

 

Fig 3.2 Restriction analysis of 10 randomly selected metagenome clones and the vector 

(pCC1FOS) before and after BamHI (a, b) and Sma I (c) restriction digestion. Lane 1: 1kb 

molecular ladder (M), even-numbered lanes: undigested fosmid, odd-numbered lanes: 

digested fosmid. 

b a 

c 
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3.3. Validation of the human faecal microbiome metagenome library through end  

          sequencing 

The diversity of the metagenome library is a key determining factor for functional 

metagenomics studies. As long as the heterologous host has the expression machinery for 

expression of the target genes, a more diverse metagenome library would enhance the 

likelihood of discovering novel genes. To confirm the diversity of the constructed human 

faecal metagenome library, the nineteen random clones were end-sequenced using 

pCC1FOS forward and reverse primers (Epicentre). Bioinformatics analysis of the 

sequenced clones was carried out to identify homologue sequences in the Genebank 

database. From the sequencing reactions of 19 random clones, the sequences generated 

for four clones (2, 3, 5, and 8) were either too short or matched with E. coli and the 

sequence for pCC1FOS was not found. Thus they were regarded as failed sequencing 

reactions and disregarded from further analysis. The blast record of the successfully 

sequenced clones indicated, of the 15 clones, ten clones (67%) matched with 

Bifidobacterium adolescentis. Eight clones (2, 6, 7, 15, 16, 17, 19, and 20) had high 

identity with B. adolescentis at both the 5’ and 3’ ends of the inserts (Table 3.1). The 

forward sequence of clone 18 matched with B. adolescentis (99%) while no significant 

similarity was detected on the reverse sequence. The forward sequence of clone 11 

matched with Oscillibacter sp. (96% identity) while the reverse sequence matched with 

B. adolescentis (99% identity). The inserts in these clones may have originated from B. 

adolescentis strains that differ from the sequenced reference strain by the acquisition of 

additional DNA by horizontal transfer. Each of these 10 inserts mapped to a different 

chromosomal location. One clone matched with Bacteriodes fragilis (clone 12) with 99% 

and 100% identity for forward and reverse sequences respectively (Table 3.1).  

Two clones (13%) matched with Gordonibacter pamelaeae with 80% identity (clone 10) 

and with Collinsella aerofaciens with 94% identity (clone 13) on reverse and forward 

sequences respectively; but no significant similarity was found on the forward and reverse 

sequences respectively of these two clones. (Table 3.1). On the other hand clone 9 had 

similarity with a different bacterial species at each end of the insert. The forward sequence 

of clone 9 had similarity with Bifidobacterium bifidum (83% identity) while the reverse 

sequence had a match with Olsenella uli (73% identity). Clone 1 matched B. adolescentis 



73 
 

however the % identity was only 77% and 95% for the forward and reverse sequences, 

respectively. The % identity detected in these 4 clones was relatively low and the absence 

of consistent matches at both end of the inserts presumably indicates the inserts originate 

from bacterial species that have not been sequenced (Table 3.1).  

    Table 3.1. Blast record of randomly picked  metagenome clones 

Clones/ Sequence Species  % identity  BP length of similarity 

C#1 forward Bifidobacterium adolescentis 77% 846 

C#1 reverse Bifidobacterium  adolescentis  95%% 844 

C# 4 forward Bifidobacterium adolescentis  99% 795 

C# 4 reverse Bifidobacterium adolescentis 100% 520 

C# 6 forward Bifidobacterium adolescentis   98% 816 

C# 6 reverse Bifidobacterium adolescentis   99% 825 

C#7 Forward Bifidobacterium adolescentis 99% 885 

C# 7 reverse Bifidobacterium adolescentis  100% 793 

C# 9 Forward Bifidobacterium bifidum   83% 605 

C# 9 Reverse Olsenella uli   75% 579 

C# 10 Forward No significant similarity found     

C# 10 Reverse Gordonibacter pamelaeae   80% 440 

C# 11 Forward Oscillibacter sp.   96% 722 

C#11 Reverse Bifidobacterium adolescentis  99% 769 

C#12 Forward Bacteroides fragilis  99% 758 

C#12 Reverse Bacteroides fragilis   100% 744 

C#13 Forward Collinsella aerofaciens  94% 773 

C#13 Reverse No significant similarity found   

C#15 Forward Bifidobacterium adolescentis   99% 799 

C#15 Reverse Bifidobacterium adolescentis   99% 778 

C#16 Forward Bifidobacterium adolescentis 99% 763 

C#16 Reverse Bifidobacterium adolescentis 99% 479 

C#17 Forward Bifidobacterium adolescentis 100% 678 

C#17 Reverse Bifidobacterium adolescentis 92% 589 

C#18 Forward Bifidobacterium adolescentis   99% 709 

C#18 Reverse short sequence   
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C#19 Forward Bifidobacterium adolescentis  100% 783 

C#19 Reverse Bifidobacterium adolescentis  99% 727 

C#20 Forward Bifidobacterium adolescentis  99% 728 

C#20 Reverse Bifidobacterium adolescentis  99% 764 

 

In summary, the bioinformatics analyses of the sequenced clones indicated that the human 

faecal metagenomic library contained DNA sequences which belong to the major 

phylotypes of the human gut microbiota. The predominant members of the gut microbiota 

were detected from a small number of randomly picked clones of the library. The library 

is dominated by Actinobacteria, represented by genus Bifidobacterium (67%), in 

particular B. adolescentis, and possibly Gordonibacter and Collinsella ; followed by 

Bacteriodetes represented by Bacteriodes Fragillis whereas the Firmicutes phyla was 

only represented by Oscillibacter. Given that the human faecal microbiome metagenomic 

library was dominated by the Actinobacteria, followed by Bacteriodetes, with proven 

ability of both phyla to ferment wide range of carbohydrates, this library was suitable for 

functional screening studies targeting identification of novel Glycoside hydrolase 

enzymes (GHs). 

3.4. Strategy for screening glycoside hydrolase enzymes from human faecal  

        metagenomic library 

The gut microbiome is a rich source of CAZymes which metabolise complex glycans. In 

this study a new approach to screen a human faecal metagenomic library for CAZymes 

was developed. This approach used MacConkey agar-based screening for glycoside 

hydrolase (GHs) enzymes. The fundamental principles of MacConkey agar screening 

were applied with slight modification for screening different GH enzymes, by 

supplementing with different carbohydrates as a sole carbon source. Positive metagenome 

clones with active GH enzymes undertook fermentation of the supplemented 

carbohydrates which subsequently result in reduction of the pH. The reduction of pH to 

lower than 6.8 caused the colour indicator (neutral red) to change to red/ pink, and thus 

positive clones would have a red/pink morphology around the colonies. Negative clones 
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which cannot ferment the supplemented carbohydrates would appear colourless due to the 

fact that neutral red remains colourless at higher pH.  

The human faecal metagenome library was screened for three GH enzymes; β-

galactosidases, sialidases, and α-fucosidases using MacConkey agar supplemented with 

lactose, 3’- sialyllactose (3’-SL) and/or 6’- sialyllactose (6’-SL) and 2’-fucosyllactose (2’-

FL) respectively. The latter two are components of the human milk oligosaccharides 

(HMOs), which specifically promote growth of certain members of the infant gut 

microbiota, mainly Bifidobacteria and Lactobacilli (Thongaram et al., 2017a). Besides, 

the O-linked mucin glycans which have structural similarity with HMOs comprise fucose 

and sialic acid. Interestingly both the composition of HMOs and mucosal glycans are 

affected by many factors, such as genetics of the individual. For instance people that have 

a functional FUT2 (gene encoding α 1-2 fucosyl transferase) or FUT3 (gene encoding α 

1-3 fucosyl transferase) called “secretors” possess L-fucose both in their mucin glycans 

and HMOs (Ferrer-Admetlla et al., 2009). On the other hand, mutants for these 

transferases called “non-secretors” possess more sialylated glycans, presumably due to 

lack of competition for glycosylation availability for glycosyltransferases (Bennett et al., 

2012). Mucin adapted members of the microbiota such as Bacteroides express a repertoire 

of CAZymes which hydrolyse these mucin glycans and HMOs via mucin utilisation path 

ways (Marcobal et al., 2011).  

In vitro studies have implicated that prominent members of the infant gut microbiota such 

as Bifidobacterium longum, Bifidobacterium kashiwanohense  and Bifidobacterium 

bifidum utilise HMOs such as 2’-FL, 3’-SL and 6’-SL as carbon sources (Bunesova et al., 

2016). Thus the notion of screening the human faecal microbiome library for HMO 

utilisation was supported by such previous findings and hence we designed agar based 

and growth based strategy for screening of the library for clones which encode the 

aforementioned GH enzymes.  Positive clones from each enzymatic screening were 

confirmed using LB agar supplemented with chromogenic substrates, X-Gal and X-Fuc 

for active β-galactosidases and α-fucosidases, respectively. Fluorescent substrate 4MU-

NANA supplemented agar media was used for confirmation of sialidase activity. 
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3.5. Screening of human faecal metagenome libraries for β-galactosidases  

A vial of the stock metagenome library was diluted and 100 μl containing ~500 colonies 

per plate were seeded on MacConkey lactose agar and incubated overnight at 37oC. This 

number was chosen to screen large proportion of the metagenome library with small 

amount of substrates as the latter were expensive for large scale usage. Through this agar-

based screening 16,000 clones were screened, and 32 positive clones (~0.2%) were 

identified by their red colony morphology (Fig 3.3a).  The 32 clones were streaked on LB 

agar supplemented with X-Gal to confirm an active β-galactosidase. 30 of the clones had 

a blue morphology, which confirm these clones possess an active β-galactosidase enzyme. 

The two other clones were ruled out from further characterisation. Fig 3.3 b and c depicts 

two representative β-galactosidase clones (clone 11 and 31) streaked on MacConkey 

lactose agar and LB agar supplemented with X-Gal together with the lacZ positive E. coli 

strain BL21(DE3) and lacZ- E. coli host strain EPI300 (pCC1FOS). The two clones 

showed strong β-galactosidase activity revealed by the high intensity of pink and blue 

colony morphology on MacConkey agar and X-Gal LB agar media, respectively. 

                                

        

 

Fig 3.3 Selection of β-galactosidase expressing clones from human faecal microbiome 

metagenome library. a β-galactosidase positive expressing clone with pink colony 

morphology. b EPI300(pCC1FOS) (I), BL21 (DE3) (II), clone#11 (III), and clone#31 

(IV) on MacConkey lactose agar. c EPI300(pCC1FOS) (I), BL21 (DE3) (II), clone#11 

(III), and clone#31 (IV) on X-gal supplemented LB agar.  

a b c 
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The Miller assay was conducted on the β-galactosidase positive metagenome clones and 

appropriate positive control (lacZ positive E. coli BL21 (DE3) and negative control (lacZ- 

E. coli EPI300 (pCC1FOS)) strains. High β-galactosidase activity was detected for the β-

gal clones compared to lacZ positive E. coli BL21 (DE3) and the negative control lacZ- 

E. coli host strain EPI300 (pCC1FOS). The Miller units of 9 sequenced β-galactosidase 

positive metagenome clones ranged from 618-5795 Miller units while it was 1093 for 

lacZ positive E. coli and 36 miller units for the negative control lacZ- host strain (Fig 3.4).  

                   

                   

Fig. 3.4 Miller assay on distinct fosmid clones and the lacZ positive E. coli BL21 (DE3) 

(positive control) and lacZ- E. coli EPI300(pCC1FOS) (negative control) of 1st round 

screening.  

To determine whether the thirty β-galactosidase positive metagenome clones were distinct 

clones or not, fosmids were extracted from each clone and characterised by their 

restriction pattern. Fig 3.5 depicts the restriction pattern after BamHI digestion. The thirty 

clones fall in to 16 different restriction patterns. The first group comprises clones 4, 7, 11, 

15, 18, 21 and 29, the second group includes clones 5, 9 and14, the third group includes 

clones 17 and 28, the fourth group includes clones 6 and 10, and the fifth group comprises 

clones 1 and 13.  The remaining 11 clones (2, 3, 12, 16, 19, 20, 23, 27, 30, 31 and 32) had 

distinct restriction patterns (Fig 3.5). 
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Representative clones from 9 distinct restriction patterns such as clone 2, 6 (group 4), 11 

(group 1), 12, 14 (group 2), 20, 23, 28 (group 3) and 31were further characterised by end 

sequencing and bioinformatic analysis (Fig 3.5). The BLAST record of these sequenced 

clones (except clone 2 and clone 12) had high similarity with Bifidobacterium 

adolescentis (Table 3.2). Clone 2 had no significant similarity in the database, presumably 

the sequence came from previously uncharacterized bacterial taxa, while the reverse 

sequence of clone 12 matched with extrachromosomal DNA. The clones which had 

identical restriction pattern to sequenced clones presumably also contain B. adolescentis 

DNA inserts.   

  

 

Fig 3.5 Restriction analysis of 8 β-galactosidase positive metagenome clones before and 

after BamHI restriction endonuclease enzyme digestion. a Lane 1, 1 kb molecular ladder 

(M); Odd numbered lanes, undigested fosmid; even-numbered lanes, digested fosmid. b 

Lane M (1Kb molecular ladder) Lanes 2-13 Bam HI digested β-gal positive clones (4, 5, 

9, 10, 13, 15, 17, 18, 21, 25, 27, 29 and 30). c Lane M (1Kb molecular ladder) Lanes 2-7 

a 

d 
c 

b 
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Bam HI digested β-gal positive clones (1, 3, 5, 7, 16, 19 and 32) respectively. d Lane M 

(1Kb molecular ladder), Lanes 2, 3 (Empty fosmid uncut and cut), Lanes 4, 5 (clone 2 

uncut and cut), Lanes 6 and 7 (clone 20 uncut and cut) respectively. 

  Table 3.3 Blast record of β-galactosidase positive distinct metagenome clones 

Clones/ Sequence  Species  % identity  BP length of similarity 

β gal C#6 forward Bifidobacterium adolescentis 99% 475 

β gal C#6 reverse Bifidobacterium adolescentis  97% 946 

β gal C#11 forward Bifidobacterium adolescentis  99% 734 

β gal C#11 reverse Bifidobacterium adolescentis  97% 844 

β gal C#12 forward Bifidobacterium adolescentis  88% 382 

β gal C#12 reverse 
Uncultured bacterium extrachromosomal 

DNA RGI00148 
86% 603 

β gal C#14 forward Bifidobacterium adolescentis  93% 208 

β gal C#14 reverse Bifidobacterium adolescentis 91% 891 

β gal C#20 forward Bifidobacterium adolescentis 98% 701 

β gal C#20 Reverse Bifidobacterium adolescentis 86% 908 

β gal C#23 forward Bifidobacterium adolescentis 93% 599 

β gal C#23 reverse Bifidobacterium adolescentis  99%  918 

β gal C#28 forward Bifidobacterium adolescentis 99% 771 

β gal C#28 reverse Bifidobacterium adolescentis  99% 876 

β gal C#31 forward Bifidobacterium adolescentis 98% 696 

β gal C#31 reverse Bifidobacterium adolescentis 98% 696 

 

3.6. Screening of human faecal metagenome library for sialidases 

The screening of the human faecal metagenome library for clones which encode sialidase 

enzymes was carried out on MacConkey base agar supplemented with 3-siallylactose (3’-

SL) and 6’-sialyllactose (6’-SL) as sole carbon sources. First the ability of the host strain 

E. coli EPI300 (lacZ- ) to ferment sialic acid, but not 3’-SL, was determined by cultivating 

the host strain on two separate plates containing MacConkey base agar supplemented with 

0.5% sialic acid or ~1.0% of 3’-SL (molar equivalent of 0.5% sialic acid, ~0.0162M) and 

incubated overnight at 37oC.  Since the addition of sialic acid resulted in a drop of the pH 

below 7, the pH of the MacConkey agar media supplemented with sialic acid was adjusted 

to pH 7. The host strain was able to grow on MacConkey base agar supplemented with 

sialic acid and fermented sialic acid, thus the colonies were pink (Fig 3.6.a). However the 

host strain was able to grow on MacConkey base agar supplemented with 3’-SL, but did 
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not ferment 3’-SL and the colonies were colourless (Fig 3.6.b). Thus the MacConkey base 

agar supplemented with 3’-SL or 6’-SL could be used for screening metagenome clones 

which encode active exo sialidase enzymes, as positive clones will appear pink after 

hydrolysis and fermentation of the terminally attached sialic acid of 3’-SL or 6’-SL. 

  

                                                         

Fig 3.6 E. coli EPI300 host strain streaked on MacConkey base agar supplemented with 

0.5% sialic acid (a) and supplemented with 3’SL (b). 

A total of 16,128 metagenome clones were screened for sialidase (11,000 on MacConkey 

base supplemented with 3’-SL and 5,128 on MacConkey supplemented with 6’-SL), none 

of these clones showed sialidase activity demonstrated by absence of pink morphology 

around the colonies similar to the negative control E .coli EPI300 host strain. In summary, 

the tested clones either did not harbor a sialidase gene, the E. coli host did not express the 

sialidase gene or perhaps the sialidase gene was present and expressed but had not been 

secreted.  

To investigate the validity of our approach for screening of the human faecal metagenome 

library for sialidase expressing clones using sialyllactoses, a positive control which 

expresses recombinant sialidase was utilised. The sialidase gene of Aspergillus fumigatus 

had been previously cloned in the pET28a vector to generate the plasmid pAf (Warwas et 

al., 2010). The enzyme has a predicted mass of 42 kDa, besides protein sequence analysis 

revealed this enzyme has an extracellular localization. The pAf was used to transform 

electrocompetent E. coli BL21 (DE3) for expression of the sialidase using the host T7 

RNA polymerase with IPTG induction. First, the presence of the sialidase gene (~1221bp) 

in the pAf plasmid was confirmed by restriction endonuclease enzymes NotI and NdeI. 

a b 
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The restriction products belonging to the pAf sialidase gene (~1221 bp) and plasmid DNA 

(5369 bp) was obtained, which confirm the pAf harboured the putative sialidase gene of 

Aspergillus fumigatu (Fig 3.7). 

 

                                 

Fig 3.7 Restriction pattern of pAf sialidase after double restriction endonuclease digestion 

(using NotI and NdeI). Lane 1, 1 kb molecular ladder (M), lane 2-4 pAf plasmid from 

three random colonies.  

E. coli BL21 (DE3) (pAf), was used as a positive control for sialidase activity. E. coli 

BL21 (DE3) harbouring pAf or the empty pET28b (negative control) were streaked on 

MacConkey base agar supplemented with 3’SL, in the presence of IPTG (0.05 mM and 

0.1 mM) and Kan and incubated overnight at 37oC. In terms of colony morphology the 

pAf sialidase clone and the pET28b clone were identical, as both appeared pink however 

the pAf sialidase clone seem to have stunted colony growth, which presumably resulted 

from over expression of the eukaryotic sialidase upon IPTG induction (Fig 3.8a). In this 

assay both the positive and negative control displayed pink morphology because the 

substrates may have small amount of free sialic acid/ lactose which could potentially be 

hydrolysed by parent strain β-galactosidase.   

In another sialidase activity assay a culture of E. coli BL2 (DE3) (pAf) and E. coli BL21 

(DE3) (pET28b) on LB plates was overlaid with 4MU-NANA and illuminated with UV 

radiation. The pAf clone appeared fluorescent as a result of the hydrolysis of the 
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terminally attached sialic acid to the fluorescent chemical 4-methyl-umbelliferryl by the 

expressed sialidase resulting in fluorescence, while the negative control showed no 

fluorescence as it doesn’t express active sialidase (Fig 3.8b). However plating pAf clone 

and pET28b clone in mixed culture (at a ratio of 1:65) it was not possible to clearly 

differentiate the pAf clones from the pET28b clones as all the colonies appeared 

fluorescent. These was presumably the extracellular sialidase enzyme expressed by the 

pAf clones could eventually hydrolysed the 4MU-NANA which contributed for the 

fluorescence of the agar, which result in an experimental artefact (Fig 3.8c). Hence 

screening the faecal metagenome library for extracellular sialidase enzymes with 4MU-

NANA was not feasible. 

The screening of the faecal microbiome metagenome library for sialidase enzymes, was 

not successful using MacConkey base agar supplemented with 3’SL/6’SL. The pAf 

clones were able to express extracellular sialidase and hydrolysed the Neu5AC from the 

4 MU-NANA substrates.  Nevertheless, it was impossible to carry out the screen of the 

metagenome library using 4 MU-NANA as substrate, unless separate plates for each clone 

were used which is cost intensive.    

   

                                                                          

 

Fig 3.8 E. coli BL21(DE3)(pAf)and E. coli BL21(DE3) (pET28b )on MacConkey agar 

supplemented with 3’SL(a) and  on LB agar supplemented with 4MU_NANA(b), the 

positive and negative control mixed (10 to 646) in 4MU-NANA supplemented LB 

agar(c). 

a a c b 
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3.7. Screening of human faecal metagenome libraries for α-fucosidases 

The screening of the human faecal metagenome library for clones which encode α-

fucosidase enzymes were carried out  on MacConkey base agar supplemented with 2-

fucosyllylactose (2’-FL / Fucα1-2Galβ1-4Glc) as sole carbon source. First the ability of 

the heterologous host strain E. coli EPI300 (lacZ-) to ferment L-fucose was determined 

by cultivating the host strain in MacConkey base agar supplemented with   0.5% fucose  

or 1.48% of 2’FL (~molar equivalent of 0.5%  fucose; 0.0304 M);. The host strain streaked 

on this plates was incubated overnight at 37oC. It was observed that the host strain 

streaked on MacConkey agar supplemented with fucose appeared pink and while the host 

strain streaked on 2’FL was colourless, which indicates the host strain can ferment fucose 

but not 2’FL (Fig 3.9 a and b). Thus the human faecal metagenome  library were screened 

using MacConkey base agar supplemented with 1.48% 2’FL, about ~500 colonies were 

lawned per plate and incubated overnight at 37oC. About ~11,000 clones were screened 

and 15 potential positive clones were selected based on pale pink colony morphology. 

Seven clones (, 2, 3, 6, 7, 9, 10 and 11) maintained pink morphology in the confirmation 

experiment (Fig 3.9 c).  

                                     

                                   

      

Fig 3.9 Screening strategy of human faecal metagenome library on MacConkey base agar. 

a. E.coli EPI300 (pCC1FOS) host strain streaked on MacConkey base agar supplemented 

with 0.5% fucose. b. E.coli EPI300 (pCC1FOS) host strain streaked on MacConkey base 

agar supplemented with 2’FL. c. E.coli EPI300 (pCC1FOS) host strain(-ve control) and 

b a c 
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15 putative α-fucosidase expressing metagenome clones streaked on MacConkey base 

agar supplemented with 2’FL. 

After SmaI endonuclease digestion, it was found that all of the eight clones were distinct 

clones as they displayed different restriction patterns (Fig 3.10). Thus the fosmid inserts 

of these clones were end sequenced and characterised through bioinformatic approach. 

                        

Figure 3.10 Restriction pattern analysis of putative α-fucosidase metagenome clones after 

SmaI digestion. Lane 1, 1 kb molecular marker (M),  lanes 2-9 SmaI digested putative α-

fucosidase clones (2, 3, 5, 6, 7, 9, 10, and 11) respectively. 

To identify α-fucosidase genes encoded within the fosmid inserts of the metagenome 

clones, nucleotide blast searches of the end sequenced fosmid inserts of each clone were 

carried out. The BLAST record of the sequenced fucosidase clones indicated that three 

clones (7, 9, and11) have a significant similarity with B. adolescentis whereas clone 6 had 

no significant similarity in the database. Clone 10 have a forward sequence matched with 

Olsenella sp. (78% identity) while no significant similarity on the reverse sequence. 

Likewise, forward sequence of clone 1 had matched with Sus scrofa (wild boar) genome 

assembly (99%) while the reverse sequence had no significant similarity in the database 

(Table 3.4). The metagenomic DNA fragments in the three clones 1, 6 and 10 could 

presumably be derived from previously un-sequenced novel bacteria in the human faecal 

microbiome.  
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     Table 3.4 Blast record of putative α-fucosidase positive metagenome clones 

Clones/ Sequence Species  % identity  BP length of similarity 

Fuc C#1 forward Sus scrofa genome assembly, chromosome: Y  99% 297 

Fuc C#1 reverse No significant similarity found   

Fuc C# 6 forward No significant similarity found   

Fuc C# 6 reverse Short sequence   

Fuc C#7 forward Bifidobacterium adolescentis 97% 532 

Fuc C# 7 reverse Bifidobacterium adolescentis  98% 367 

Fuc C# 9 forward Bifidobacterium adolescentis 99% 475 

Fuc C# 9 reverse Bifidobacterium adolescentis 99% 366 

Fuc C# 10 forward Olsenella sp. Marseille-P3237 78% 600 

Fuc C# 10 reverse No significant similarity found   

Fuc C# 11 forward Bifidobacterium adolescentis 98 % 536 

Fuc C#11 reverse 
Bifidobacterium adolescentis 96 % 718 

 

Of the three clones whose sequences matched with B. adolescentis, presence of α-

fucosidase gene in these clones were searched using B. adolescentis ATCC15703 genome 

annotation in NCBI database.  Clone 9 and 11 contain overlapping inserts and both 

contain the 21 genes BAD_RS05785 to BAD_RS05885. Clone 7 contains DNA adjacent 

to this locus but no shared genes.  The three clones didn’t harbour annotated α-fucosidase 

genes in the inserts (Tables 3.5, 3.6 and 3.7).   Furthermore, a BLASTX search of the 3 

clones illustrated that none of the clones harboured a known α-fucosidase-encoding gene.  

As is indicated in Table 3.5, the annotated genes for the insert sequence of clone 7 

indicated several genes for an ABC transporter and permease system, which could 

contribute in the transportation of sugars and other molecules. The conserved 21 genes of 

clone 9 and clone 11 indicated enzymes involved in peptidoglycan synthesis for instance 

UDP-N-acetylmuramoyl-L-alanine-D-glutamate ligase and a UDP-N-acetylglucosamine-

-N-acetylmuramyl-(pentapeptide) pyro phosphoryl-undecaprenol N-acetylglucosamine 

transferase (Table 3.6) as well as an ABC transporter system (Table 3.7). Each insert 

contained hypothetical genes. These hypothetical genes were not annotated as GH on 

CAZymes. Together this analysis suggested that it therefore seemed unlikely that the 

inserts contained a fucosidase enzyme. The metabolism of 2’FL by these 3 clones could 
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be due to the permease systems importing 2’-FL, or other molecules, and subsequent 

intracellular metabolism, or alternatively non-specific metabolism by the peptidoglycan 

synthesis proteins or other enzymes. Furthermore, these clones did not show a colour 

change on MacConkey lactose agar, thus the colour change observed on MacConkey+2’-

FL agar presumably is induced by the presence of 2’-FL. 
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Table 3.5; annotated protein details of putative fucosidase clone 7 sequence covered from 

1307594-1339310 (31,716bp in length) of the matched strain (B. adolescentis ATCC 

15703, accession number NC_008618.1) 

Locus tag Protein product 
Length 

(aa) 
Protein name 

BAD_RS05605 WP_011743410.1 197 hypothetical protein 

BAD_RS05610 WP_011743411.1 421 RNA methyltransferase 

BAD_RS05615 WP_011743412.1 246 hypothetical protein 

BAD_RS05620 WP_011743413.1 282 hypothetical protein 

BAD_RS05625 WP_003810666.1 286 exodeoxyribonuclease III 

BAD_RS05630 WP_011743414.1 669 ABC transporter ATP-binding protein 

BAD_RS05635 WP_003810669.1 322 peptide ABC transporter permease 

BAD_RS05640 WP_011743415.1 308 ABC transporter permease 

BAD_RS05645 WP_035011216.1 550 ABC transporter substrate-binding protein 

BAD_RS05650 WP_041777355.1 308 recombinase XerC 

BAD_RS05655 WP_011743418.1 281 ABC transporter ATP-binding protein 

BAD_RS05660 WP_011743419.1 948 ABC transporter permease 

BAD_RS05665 WP_021913854.1 85 hypothetical protein 

BAD_RS05670 WP_011743420.1 346 prephenate dehydrogenase 

BAD_RS05675 WP_011743421.1 326 chorismate mutase 

BAD_RS05680 WP_011743422.1 186 hypothetical protein 

BAD_RS05685 WP_003810688.1 643 MULTISPECIES: GTP-binding protein TypA 

BAD_RS05690 WP_011743423.1 451 MFS transporter 

BAD_RS05695 WP_011743424.1 267 ADP-ribose pyrophosphatase 

BAD_RS05700 WP_011743425.1 279 MULTISPECIES: chromosome partitioning ATPase 

BAD_RS05705 WP_003810696.1 317 site-specific tyrosine recombinase XerD 

BAD_RS05710 WP_003810697.1 127 50S ribosomal protein L20 

BAD_RS05715 WP_003810699.1 64 MULTISPECIES: 50S ribosomal protein L35 

BAD_RS05720 WP_035010673.1 232 translation initiation factor IF-3 

BAD_RS05725 WP_011743427.1 628 asparagine synthetase B 

BAD_RS05730 WP_011743428.1 248 thiamine pyrophosphokinase 
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Table 3.6: annotated protein details of putative fucosidase clone 9 sequence covered from 

1339483-1376507(37,024bp in length) - of the matched strain (B. adolescentis ATCC 

15703). Conserved regions with clone 11 shown in Bold. 

Locus tag Protein product Length Protein name 

BAD_RS05740 WP_033499760.1 16 8 aminoacyl-tRNA deacylase 

BAD_RS05745 WP_041777356.1 334 4-hydroxy-3-methylbut-2-enyl diphosphate reductase 

BAD_RS05750 WP_003810714.1 316 aldose 1-epimerase 

BAD_RS05755 WP_003810716.1 83 hypothetical protein 

BAD_RS05760 WP_041777357.1 201 RNA polymerase sigma factor RpoE 

BAD_RS05765 WP_011743431.1 517 
UDP-N-acetylmuramoylalanyl-D-glutamate--2, 6-

diaminopimelate ligase 

BAD_RS05770 WP_011743432.1 414 carboxylate--amine ligase 

BAD_RS05775 WP_011743433.1 241 aspartate racemase 

BAD_RS05780 WP_011743434.1 532 dihydrofolate synthase 

BAD_RS05785 WP_041777358.1 533 peptidase M24 family protein 

BAD_RS05790 WP_011743436.1 173 ADP-ribose pyrophosphatase 

BAD_RS05795 WP_011743437.1 570 ABC transporter ATP-binding protein 

BAD_RS05800 WP_003810731.1 391 peptide ABC transporter permease 

BAD_RS05805 WP_011743438.1 357 peptide ABC transporter permease 

BAD_RS05810 WP_011743439.1 541 peptide ABC transporter substrate-binding protein 

BAD_RS05815 WP_011743440.1 400 NagC family transcriptional regulator 

BAD_RS05820 WP_003810740.1 299 2-dehydro-3-deoxygluconokinase 

BAD_RS05825 WP_003810744.1 134 flavin-nucleotide-binding protein 

BAD_RS05830 WP_003810745.1 329 cell division protein FtsQ 

BAD_RS05835 WP_011743442.1 521 UDP-N-acetylmuramate--L-alanine ligase 

BAD_RS05840 WP_011743443.1 393 
undecaprenyldiphospho-muramoylpentapeptide beta-N- 

acetylglucosaminyltransferase 

BAD_RS05845 WP_033499762.1 363 cell division protein FtsW 

BAD_RS05850 WP_041777512.1 477 UDP-N-acetylmuramoyl-L-alanine--D-glutamate ligase 

BAD_RS05855 WP_003810755.1 365 phospho-N-acetylmuramoyl-pentapeptide-transferase 

BAD_RS05860 WP_011743446.1 489 
UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine 

ligase 

BAD_RS05865 WP_033499725.1 292 hypothetical protein 

BAD_RS05870 WP_011743448.1 600 cell division protein 

BAD_RS05875 WP_003810762.1 153 hypothetical protein 

BAD_RS05880 WP_011743449.1 343 ribosomal RNA small subunit methyltransferase H 

BAD_RS05885 WP_011743450.1 171 division/cell wall cluster transcriptional repressor MraZ 
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Table 3.7: annotated protein details of putative fucosidase clone 11 sequence covered 

from 1348975-1383124(34,149bp in length) - of the matched strain (B. adolescentis 

ATCC 15703). Conserved regions with clone 9 shown in Bold. 

Locus tag Protein product Length Protein name 

BAD_RS05785 WP_041777358.1 533 peptidase M24 family protein 

BAD_RS05790 WP_011743436.1 173 ADP-ribose pyrophosphatase 

BAD_RS05795 WP_011743437.1 570 ABC transporter ATP-binding protein 

BAD_RS05800 WP_003810731.1 391 peptide ABC transporter permease 

BAD_RS05805 WP_011743438.1 357 peptide ABC transporter permease 

BAD_RS05810 WP_011743439.1 541 peptide ABC transporter substrate-binding protein 

BAD_RS05815 WP_011743440.1 400 NagC family transcriptional regulator 

BAD_RS05820 WP_003810740.1 299 2-dehydro-3-deoxygluconokinase 

BAD_RS05825 WP_003810744.1 134 flavin-nucleotide-binding protein 

BAD_RS05830 WP_003810745.1 329 cell division protein FtsQ 

BAD_RS05835 WP_011743442.1 521 UDP-N-acetylmuramate--L-alanine ligase 

BAD_RS05840 WP_011743443.1 393 
undecaprenyldiphospho-muramoylpentapeptide beta-N- 

acetylglucosaminyltransferase 

BAD_RS05845 WP_033499762.1 363 cell division protein FtsW 

BAD_RS05850 WP_041777512.1 477 UDP-N-acetylmuramoyl-L-alanine--D-glutamate ligase 

BAD_RS05855 WP_003810755.1 365 phospho-N-acetylmuramoyl-pentapeptide-transferase 

BAD_RS05860 WP_011743446.1 489 UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase 

BAD_RS05865 WP_033499725.1 292 hypothetical protein 

BAD_RS05870 WP_011743448.1 600 cell division protein 

BAD_RS05875 WP_003810762.1 153 hypothetical protein 

BAD_RS05880 WP_011743449.1 343 ribosomal RNA small subunit methyltransferase H 

BAD_RS05885 WP_011743450.1 171 division/cell wall cluster transcriptional repressor MraZ 

BAD_RS05890 WP_011743451.1 765 ATP-dependent DNA helicase 

BAD_RS05895 WP_003810774.1 399 D-3-phosphoglycerate dehydrogenase 

BAD_RS05900 WP_011743453.1 170 transcriptional regulator NrdR 

BAD_RS05905 WP_050731481.1 85 peptidoglycan-binding protein 

BAD_RS05910 WP_003810781.1 257 ArsR family transcriptional regulator 

BAD_RS05915 WP_011743455.1 313 cation transporter 
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The second approach used to screen for α- fucosidase encoding clones from the human 

faecal metagenome library was LB agar supplemented with the chromogenic substrate X-

Fuc.  A positive control E. coli BL21 (DE3) pLysS bearing a plasmid pETM10 with 

cloned  α-L-fucosidase gene of Thermotega martima  displayed a blue colony morphology 

on this agar (Fig 3.11a), while the negative control E.coli EPI300(pCC1FOS) appeared 

colourless. ~33,000 clones of the human faecal microbiome metagenome library were 

screened and none of the clones displayed α-fucosidase activity (Fig 3.11b). A 

confirmatory test of the 15 putative α-fucosidase clones identified on MacConkey base 

agar supplemented with 2’-FL had turned out colourless on LB supplemented with X-

Fuc. This provided further evidence that these clones did not contain a fucosidase enzyme 

and they were ruled out from further characterisation. 

 

                                                  

 

Fig 3.11 Human faecal metagenome library screening on X-Fuc supplemented LB agar. 

a. The positive control α-fucosidase expressing E.coli BL21 (DE3) clone streaked on LB 

agar supplemented with X-Fuc. b. Human faecal metagenome clones seeded on LB agar 

supplemented with X-Fuc, showing a negative result.  

3.8. Growth dependent assays for screening human faecal metagenome library  

One of the approaches used for screening of human faecal metagenome library for target 

genes was based on a growth-dependent assay. In the phenotypic approach, chromogenic 

substrates were supplemented in the agar media and its hydrolysis by the positive clones 

result in colour change. The advantage is it is straight forward to detect the expression of 

the target enzyme. Whereas in the growth approach substrate will be supplemented as a 

a 
b 
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sole carbon source in a minimal media, and positive clones are selected by their ability to 

metabolise the substrate and grow. These approach is more comprehensive in identifying 

not only the expression of the target enzyme but also possibly -the metabolic pathways 

involved in transport and metabolism of the supplemented carbohydrates and/or their 

metabolites.  

Thus, to optimise the growth dependent screening of the metagenome library, M9 minimal 

media supplemented with three different carbon sources (glucose, lactose, or fucose) at 

0.4% final concentration and M9 minimal media without carbon source were used. To 

optimise the assay two control strains were first assessed:  E. coli EPI 300(pCC1FOS) 

and a β-galactosidase positive fosmid clone selected from our library (β-gal clone #11). 

E. coli EPI 300(pCC1FOS) and β-gal clone #11 grew on M9+glucose (Figure 3.12 a), 

while neither strain grew on M9 minimal media without carbon source (Figure 3.12 b). 

Since the host strain is lacZ- E. coli EPI 300(pCC1FOS) and did not grow on M9+lactose. 

However, the β gal clone #11, grew sufficiently on M9 + lactose, which proves the 

heterologously expressed β-galactosidase BAD_1582 enabled the lacZ- host strain to 

utilize the lactose as a sole carbon source (Fig 3.12c).                    

Both E. coli EPI 300(pCC1FOS) and β gal clone #11 were unable to grow on the 

M9+fucose (Fig 3.12d), demonstrating that the M9 minimal media with fucose a sole 

carbon source was not suitable to support growth of the host E. coli, even though our 

studies demonstrated the ability of this strain to ferment fucose in MacConkey agar. From 

this investigation, the inability of the host strain to grow on fucose as a sole carbon source 

hindered us to continue selection of fosmid clones expressing α-fucosidase through 

supplementing fucosyl substrates such as 2-fucosyllactose (2’-FL).  
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Fig 3.12 Growth curves of E. coli EPI300 (pCC1FOS) and β gal clone #11 inoculated in 

M9 minimal media with or without carbon source under aerobic condition. a. M9 minimal 

media without carbon source. b. M9 + glucose. c. M9+lactose. d. M9+fucose.The data 

shows averages of three independent experiments. The values represent the mean of 

multiple technical replicates. 

 

 

a b 
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3.9. Discussion 

There is a strong interest in studying the human gut microbiome to understand the 

mechanisms of host microbiome interaction in health and diseases states including 

development of colon cancer. Only then there could be a way of developing therapeutic 

interventions to halt the inevitable health issues which are associated with the modern life 

style and diet.  

Herein a functional metagenomics approach was used to exploit the genetic potential of 

the human faecal microbiome to identify genes which encode GH enzymes, particularly 

sialidases, α-fucosidases and β-galactosidases. These enzymes are utilised by some 

members of the human gut microbiome not only to digest dietary carbohydrates but also 

they are involved in the deconstruction of complex O-linked mucin glycans which are 

terminally capped by sialic acid and fucose (Tailford et al., 2015). Thus, our interest was 

to screen human faecal microbiome metagenome library and identify genes which encode 

for these enzymes and further study to understand their roles in host microbiome 

interactions.  

A human faecal microbiome metagenome library was developed using the Epicentre copy 

control fosmid library production kit. The diversity of the metagenome library was 

determined by restriction pattern analysis and bioinformatics analysis. Our faecal 

metagenome library was dominated by Actinobacteria at the phylum level, specifically 

the species B. adolescentis, and Bacteroidetes and Firmicutes were also represented. 16S 

rDNA sequencing and metagenome sequence data sets  of the human gut microbiome has 

revealed  phylogenetic abundance at the phylum level of Firmicutes, Bacteriodetes, 

Actinobacteria, Proteobacteria, Synergistetes, Verrucomicrobia, Fusobacteria, 

Euryarchaeota in descending order (Arumugam et al., 2011). However in a few studies, 

they did not detect Bacteriodetes (Gill et al., 2006) and it was presumed that differences 

in faecal lysis and DNA extraction protocols contributed to this variation. The high 

abundance of the Actinobacteria in our metagenome library could be the suitability of our 

faecal lysis and DNA extraction procedure for these phyla, and/or due to the high 

abundance of B. adolescentis in the donor faecal sample.  
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Functional metagenomics provides an opportunity to discover novel genes based on their 

function through transcription and translation of cloned DNA in a surrogate host. The 

most widely used host strain, E. coli can express about 40% of genes from randomly 

cloned environmental DNA (Gabor et al., 2004). Therefore, one major limitation of 

functional metagenomics would be absence of transcription factors and signalling systems 

to enhance expression of novel genes in the heterologous host, in our case E. coli. On top 

of this, codon usage bias in E .coli, i.e. synonymous codons that are used by heterologous 

genes and are rarely used in E. coli, would contribute be heterologous proteins being 

expressed inefficiently (Boël et al., 2016), because of the low abundance of cognate tRNA 

in E. coli for the rare codons, genes (Lipinszki et al., 2018a). Another factor that could 

contribute to poor detection of extracellular enzyme activities could be the limitation of 

E. coli secretion systems to recognise the heterologous proteins as substrates, so that the 

protein remains intracellular. The enzyme may therefore not be functional, or its activity 

may not be detected if its substrate is only located outside the cell.  Nonetheless, novel 

target protein coding genes from the human faecal microbiome that are efficiently 

expressed by E. coli could be identified.  

The human faecal microbiome metagenome library was screened for β-galactosidase 

expressing metagenome clones using MacConkey lactose agar-based screening and a 

confirmatory experiment with X-Gal supplemented LB agar was performed. Thirty clones 

were identified, and distinct clones were selected by their restriction pattern and 

characterised by end sequencing and Miller assay. High β-galactosidase activity was 

detected in most of the tested fosmid clones, which indicated there was high level of 

expression of the β-galactosidase gene using the heterologous host (E. coli) expression 

system and/or that the enzyme(s) was highly efficient. 

A total of 30 β-galactosidase positive clones were obtained from screening of~16,000 

clones of the human faecal microbiome metagenome library using MacConkey lactose 

agar. The frequency of β-galactosidase expressing clone obtained from our human faecal 

metagenome library was quite high, compared to other metagenome library screens for β-

galactosidases from different environments (Cheng et al., 2017a; Erich et al., 2015). Soil 

metagenomes screened for β-galactosidases using X-Gal as a substrate identified 3 β-
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galactosidase expressing clones out of 12,000 clones in one study (Wang et al., 2010). In 

another soil metagenome screen one positive clone was identified from metgenome 8,000 

clones (Zhang et al., 2013). Similarly, from a soil metagenome screen of ~106 clones 

using X-Gal as substrate ~354 positive clones were obtained, of which only 97 (27.4%) 

were positive for lactose hydrolysis (Erich et al., 2015), presumably the difference in 

conformation of the indoxyl group of X-Gal compared to natural hexoses may alter 

binding to the active site of β-galactosidases and was not hydrolysed by these enzymes 

(Erich et al., 2015). Therefore, it can be deduced that the human gut environment is a 

good source for identification of β-galactosidase enzymes. The prominent members of the 

human gut microbiome encode wide arrays of CAZymes, for instance the genome of B. 

thetaiotaomicron includes 236 glycoside hydrolases and 15 polysaccharides lyases  and 

the carbohydrate-responsive regulatory network contains 290 genes, 30 transcriptional 

factors (TFs), and a global Crp (Cyclic AMP receptor protein)-like regulator (Ravcheev 

et al., 2013). From the Firmicutes phylum, 11 representative strains of Roseburia and E. 

rectale (the ‘Roseburia/E. rectale group’) encode a mean number of 85 GHs per genome 

(O Sheridan et al., 2016) . Similarly from the Actinobacteria phylum, the pangenome of 

18 B. adolescentis strains  enocode 36 glycosyl hydrolases (GH), 12 glycosyl transferases 

(GT) and four carbohydrate esterases (CE) (Duranti et al., 2016). The B. adolescentis 

genome contains 9 annotated β-galactosidase genes. The high percentage of β-

galactosidase positive clones detected in our screen could be attributed to the high 

abundance of B. adolescentis genomic DNA in our library. The other β-galactosidases of 

B. adolescentis or β-galactosidases of other microbiome sources were not detected from 

our metagenome library, presumably due to inefficient expression of the genes in E. coli, 

such as improper folding of the proteins, codon biasing, perhaps these proteins require 

post translational modification to be functional such as disulphide bond formation 

between subunits (Boel et al., 2016; Fakruddin et al., 2013; Kaur et al., 2018). Enhanced 

expression of genes from metagenome libraries have been context specific (Martinez and 

Osburne 2013) and some genes are highly expressed when clones are incubated at low 

temperature (30oc) for 3 days (Rondon et al., 2000). Metagenome library constructed from 

human gut faecal microbiome was also screened for identification of α-fucosidase 

expressing clones. From the two-approach screening ~33,000 clones were screened on 
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LB agar supplemented with X-Fuc and ~11000 clones were screened using MacConkey 

base agar supplemented with 2’FL. The X-Fuc screening methodology was confirmed by 

blue colony morphology of the positive control T. martima α-fucosidase expressing clone, 

while negative clones were colourless. A similar approach using X-Fuc as a substrate was 

used for identification of α-fucosidase expressing clones from soil metagenome library, 

in which 7 α-fucosidase expressing clones were identified from 100, 000 clones. Six 

clones belonged to the GH 29 family (α-fucosidases) (Lezyk et al., 2016). MacConkey 

base supplemented with 2’FL screening was a novel approach for screening metagenome 

libraries for α-fucosidase expressing clones based on the hydrolysis of fucose and 

subsequent red colour formation by the positive clones. From the later screening 7 

putative clones were identified, though further confirmation using X-Fuc and 

bioinformatic analyses revealed that these clones neither express active α-fucosidase 

enzyme nor contain annotated α-fucosidase genes. From the X-Fuc screening none of the 

clones hydrolysed X-Fuc which confirmed the absence of α-fucosidase expressing clones 

in our metagenome library. Therefore, the putative clones appeared red presumably from 

hydrolysing residual fucose in the 2’FL substrate.  

Genome analysis of the gut microbiome revealed at least one α-fucosidase in each of 131 

Genomes belonging to the Actinobacteria, Bacteroidetes, Firmicutes, and 

Verrucomicrobia phyla. However, the largest number of α -fucosidases genes are encoded 

by representative members of the Firmicutes (Lachnospiraceae bacterium 

3_1_57FAA_CT1, 16 genes) and Bacteroidetes (Bacteroides coprophilus DSM18228, 14 

genes) (Ravcheev and Thiele 2017). The predominant Bifidobacterium species in the 

adult human gut include B. adolescentis and B. longum subsp. longum that are well 

equipped to degrade plant-derived polysaccharides rather than HMOs, manifested by 

absence of annotated α-L-fucosidase and exo sialidase genes in the genomes of both 

species. However, infant gut adapted Bifidobacterium species, such as B. longum subsp. 

infantis and B. bifidum, encode repertoire of CAZymes which enabled them to utilise 

HMOs.  Hence the occurrence of α-fucosidase enzymes is high in infant gut adapted 

Bifidobacterium species, which was shown to grow on fucosyllactose (HMOs) as a sole 

carbon source (Bunesova et al., 2016). Interestingly, members of the B. scardovii, B. 

longum subsp. infantis and B. bifidum species have been reported to possess the most 
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extensive set of host-glycan-degrading glycoside hydrolases (GH), such as GH33, exo-

sialidases, GH29 and GH95, which represent fucosidases, and GH20, which include 

hexosaminidase and lacto-N-biosidase activities (Milani et al., 2015a).  Even though B. 

bifdum has been predominantly detected from infant faecal microbiome, low number of 

this bacteria has been detected in the faecal microbiome of adult gut (Turroni et al., 2012). 

In adult faeces  B. adolescentis and B. catenulatum are among the Bifobacterium species 

which are mostly detected (Turroni et al., 2014), and there are no annotated fucosidase 

genes in the genomes of these Bifiodbacterial species. The absence of α-fucosidase 

expressing clones from our human faecal microbiome metagenome library could be 

because the library was dominated by adult gut adapted Bifidobacterium species, mainly 

B. adolescentis.   

~16,128 metagenome clones were screened for exo sialidase using MacConkey base agar 

supplemented with 3’-SL/6’-SL substrates activity, none of which expressed the target 

enzyme. This could be due to inefficient expression and secretion system of E. coli. In 

addition, the dominant members of these library, B. adolescentis have no annotated exo 

sialidase gene in their genome. Genome analysis of human gut microbiome detected 

sialidases in 112 genomes with the maximum number detected in B. fragilis 638R and 

Bacteroides sp. D22 genomes (7 genes per genome) but it was absent in the genomes of  

Fusobacteria (Ravcheev and Thiele 2017).  

The positive control expressing the sialidase gene of A. fumigatus showed hydrolysis of 

the fluorescent substrate 4 MU-NANA, which would have been a good start for screening 

the metagenome library for exo sialidase genes. However, exo sialidase screening using 

this substrate was not feasible as the extracellular enzyme diffuse through the agar and 

hydrolyse the substrate and make it impossible to distinguish positive clones from 

negative clones. Thus, using 4MU-NANA as a substrate in agar based screening with 

plate spreading of the library would not be ideal. Instead, a spot assay of individual clones 

can be used (Moncla and Braham 1989), however, substantially high amount of substrate 

would be required when screening forty thousand clones due to the low number of clones 

screened per plate. For confirmation of sialidase expression, culture supernatants of 

putative positive clones could be used in 96 well plate assay containing 4MU-NANA as 
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a substrate and liberation of 4-methylumbelliferone quantified by measuring the 

absorbance at 360 nm (Vilei et al., 2011). 

The growth studies showed that heterologously expressed β-galactosidase gene in β-

galactosidase positive clone (β-gal Clone 11) promote growth of the lac- host E. coli strain 

(EPI 300) in the presence of M9 media containing lactose (0.4%) as sole carbon source. 

However, M9 media supplemented with fucose (0.4%) as sole carbon source did not 

support growth. Though E. coli K12 strain was shown to metabolise and grow on fucose 

as a sole carbon source under aerobic and anaerobic condition (Hacking and Lin 1976). 

In anaerobic condition, the enzyme propanediol oxidoreductase is induced for conversion 

of lactaldehyde to 1, 2 propanediol which ultimately released into the culture medium. 

Under aerobic condition, intermediate level of this enzyme was detected (Boronat and 

Aguilar 1981; Hacking and Lin 1976) and lactaldehyde would rather be catabolized by 

lactaldehyde dehydrogenase, to lactate which is converted to pyruvate by lactate 

dehydrogenase (Hacking and Lin 1976).  E. coli cultured on M9 media supplemented with 

1% fucose showed a slow growth rate compared to M9 media supplemented with 1% 

glucose and two main fermentation products (acetic acid and 1,2 propanediol) were 

produced on fucose culture while acetic acid was the main fermentation product on 

glucose culture (Kim et al., 2019). The metabolomic and metatranscriptomic analysis of 

the two cultures revealed that the intracellular metabolic intermediates of E. coli cultured 

on M9+fucose were distinct from and E. coli cultured M9+glucose, which bring the 

conclusion of fucose induced distinct metabolic networks (pentose phosphate pathway 

related metabolites) that are not induced by glucose (glycolysis and hexose metabolic 

pathways related metabolites) (Kim et al., 2019). The absence of detectable growth in our 

host E. coli, cultured in M9 media supplemented with 0.4% fucose could be presumably 

the low concentration of fucose added compared to the aforementioned studies, as only 

higher concentrations of fucose (1%) support growth yet at slow rate. Thus about 2.96% 

2’-FL (equivalent of 1% fucose) must be supplemented to support growth, however this 

substrate is very expensive to use at high concentrations for screening purpose of 

metagenome libraries. In conclusion, the hypothesis for screening the metagenome library 

on M9 minimal media supplemented with 2’FL, whereby α-fucosidase expressing clones 

could grew by breaking down 2’-FL and metabolising fucose was disregarded.  
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The functional metagenomics approach that was used to identify glycoside hydrolase 

enzymes from human faecal microbiome metagenome library was new by its approach. 

Despite, our screening of human faecal microbiome for sialidase and α-fucosidase 

enzymes were not successful, to our knowledge this was the first functional metagenomics 

study that has attempted to identify these two enzymes from the human gut microbiome. 

In addition, the screening strategy using MacConkey base agar supplemented with 

fermentable carbohydrates such as 2’-FL, 3’-SL/6’-SL was new by its approach. It could 

be applicable in functional screening of metagenomics libraries that would be constructed 

from uncultured microbes inhabiting wide range of habitats, with a potential to identify 

industrially and pharmaceutically important enzymes.  

Through function-based screening of human faecal microbiome metagenomic library, 

more than 30 β-galactosidase expressing clones were identified. A new approach of 

screening glycoside hydrolase enzymes such as sialidases and α-fucosidases were 

optimised and developed. The MacConkey base agar supplemented with 2’-FL and 3’-SL 

could be a potential approach for screening of metagenome libraries from different 

environments for identification of sialidases and α-fucosidases. The B. adolecentis β-

galactoisdase (BAD_1582) was the predominant β-galactosidase identified from the 

human faecal microbiome metagenome library screening, the properties of this enzyme 

have not been experimentally characterised previously. The next chapter of this thesis 

deals with the cloning, purification and biochemical characterisation of this enzyme.  
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Biochemical characterization of the 

Bifidobacterium adolescentis β-galactosidase, 
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4.1. Introduction 

β-galactosidases (E.C.3.2.1.23) are enzymes which catalyse the hydrolytic cleavage of 

galactose residues from the non-reducing end of β-galactosides. β-galactosidases belong 

to the six glycoside hydrolase families of GH 1, GH 2, GH 35, GH 42, GH 59 and GH 

147 within the Carbohydrate Active enZymes (CAZy) database (http://www.cazy.org/)  

(Lombard et al., 2014a). They have been widely used in dairy industries for the production 

of lactose free dairy products (Johnson et al., 1993). These products are required by the 

large group of lactose intolerant people world-wide which account for 2-70% (Europeans 

and USA) or ~100% (Asians) of the population resulting from a gradual decline in lactase 

production (Vandenplas 2015). However in some rare exceptions infants are congenitally 

deficient for lactase, which makes the condition even worse (Vandenplas 2015). 

Moreover, the hydrolysis of lactose in dairy products decreases lactose crystallisation 

problems resulting from its low solubility and the hydrolysis products increase the 

sweetness (Gänzle et al., 2008). Besides, these enzymes have been used for reduction of 

lactose contents in whey, which is a yellowish green liquid by product of cheese and 

casein production (Ryan and Walsh 2016). Worldwide about 190×106 ton/year whey is 

produced, and only about 50 % of these whey is processed for animal feed, functional 

food productions for human consumption such as whey protein powders, and ethanol 

production; while the rest is released as dairy waste (Baldasso et al., 2011). Lactose is the 

major solid constituent of whey (~70-72%), followed by proteins (~8-10%) and minerals 

(10-15%) (Venetsaneas et al., 2009). Bioconversion of lactose in whey decreases about 

75% of water pollution (Mawson 1994).  

In addition, several β-galactosidases can perform transgalactosylation reactions. 

Transgalactosylation, is a biochemical reaction carried out by many β-galactosidases and 

some GH enzymes (Torres et al., 2010b), in which these enzymes cleave and retain the 

terminally attached galactose from lactose, then transfer the galactose moiety to an 

acceptor nucleophile (for instance lactose at start of the reaction, Glc and Gal formed by 

hydrolysis of lactose or GOS formed by transgalactosylation reaction could be acceptor 

sugars) rather than the hydroxyl group of water (Iqbal et al., 2010). Transgalactosylation 

involves both intra and intermolecular reactions (Torres et al., 2010b); In intramolecular 

http://www.cazy.org/
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transgalactosylation a direct transfer of the galactose moiety to glucose in β-1, 6 linkage 

generate allolactose, a disaccharide and regioisomer of lactose. While in intermolecular 

transgalactosylation, the enzyme transfers the galactose moiety to lactose, Glc, Gal or 

GOS molecule to generate mixture of galactooligosaccharides (GOS) (Huber et al., 1976; 

Torres et al., 2010b). These various mixture of oligosaccharides constitute various degree 

of polymerisation (DP) of 2-10 with terminal Glc and attached with β-(1→2, 3, 4, or 6) 

linkages (Coulier et al., 2009). These products such as galactooligosaccharides (GOS) 

and several other oligosaccharides form lactose-based prebiotics (Reuter et al., 1999) 

which are widely used in infant formula.   The benefits of prebiotics such as GOS come 

about through enhancing the colonisation and proliferation of both exogenous and 

endogenous beneficial bacterial species in the gut. These species play enormous role in 

prevention of infectious diseases such as viral and bacterial diarrhoea, mainly through 

competition for nutrients and binding sites and synthesis of antimicrobial metabolites 

(Rastall et al., 2005). In addition supplementation of probiotics and Faecal Microbiota 

Transplantation (FMT) to restore microbial-host balance are the most recent approaches 

being used and have been implicated in prevention of chronic inflammatory diseases 

through modulation of host immune system (Sun and Chang 2014), although efficacy and 

safety issues remain in question for the later (Mills et al., 2018). Several studies have 

shown that GOS administered together with probiotic bacteria such as Bifidobacterium 

(synbiotics) (Gibson and Roberfroid 1995) could be a valuable way to promote 

proliferation of  exogenously supplemented probiotic strains in humans (Kolida and 

Gibson 2011). A synbiotic treatment of ulcerative colitis patients with B. breve yalkut and 

GOS showed improved clinical symptoms (Ishikawa et al., 2011). Several in vitro and in 

vivo studies have shown that GOS selectively stimulate the growth of Bifidobacteria 

(Torres et al., 2010b; Walton et al., 2012). Supplementation of GOS to healthy elderly 

human subjects showed an increase in abundance of faecal Bifidobacteria and a 

significant increase in phagocytosis, natural killer (NK) cell activity, and the production 

of anti-inflammatory cytokine interleukin-10 (IL-10) (Davis et al., 2010; Vulevic et al., 

2008). In vitro studies showed addition of GOS in growth medium enhanced expression 

of genes required for metabolising GOS by some members of the Bifidobacterium genus 

such as B. adolescentis (Akiyama et al., 2015). Faecal short chain fatty acids (SCFA) 
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level of neonates fed with a formula supplemented with GOS as prebiotics are comparable 

to that of breast fed neonates (Salli et al., 2019).  Moreover, GOS and sialyllactose 

positively regulate cell cycle pathways involved in epithelial cell proliferation and 

differentiation in vitro, a mechanism which enhance repair of damaged epithelial cells 

(Perdijk et al., 2019). In addition to their prebiotic effect, GOSs have low sweetness, low 

cariogenicity and low caloric values and thus undesirable effects associated with GOS 

supplementation is  minimal (Maischberger et al., 2008).  

Considerable work has been done to obtain novel β-galactosidases for their invaluable 

biotechnological and pharmaceutical applications. Function-based metagenomics and 

bioinformatics-guided gene identification are the most widely used techniques to identify 

novel β-galactosidases from different environments. They have been identified, and 

subsequently characterised, through analysis of metagenome sequences retrieved from 

Metagenomic Rapid Annotations using Subsystems Technology (MG RAST) website 

(http://www.mg-rast.org/) (Liu et al., 2019b). On the other hand, metagenome libraries 

constructed from bacterial communities in various environments, mainly soil samples, 

have been utilised to isolate and characterise novel β-galactosidases without the necessity 

for traditional cultivation approaches (Erich et al., 2015; Wang et al., 2010; Zhang et al., 

2013). The most characterised and commercially used β-galactosidases are obtained from 

the bacterium Bacillus circulans, the yeast Kluyveromyces lactis and the fungus 

Aspergillus oryzae (Kim et al., 2003; Neri et al., 2009; Park and Oh 2010). These 

commercial β-galactosidases have some undesirable properties such as a low affinity for 

lactose and product inhibition by galactose at low Ki (Erich et al., 2015). Thus there is a 

demand for discovery of β-galactosidases with improved properties such as low product 

inhibition, a higher affinity for lactose and a wide range of thermal and pH stability which 

suits the demand of downstream process in dairy industries. In addition, there is a demand 

for novel β-galactosidases that can catalyse transgalactosylation reactions to synthesise 

GOS with various linkages and degree of polymerisation (DP).  

This chapter describes the purification and biochemical characterisation of the B. 

adolsecentis β-galactosidase (BAD_1582) that was identified through function-based 

screening of our human faecal microbiome metagenome library (Chapter 3). A new β-

http://www.mg-rast.org/
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galactosidase enzyme from B. adolescentis (BAD_1582) was identified from the positive 

metagenome clones. The enzyme was recombinantly expressed with a hexa histidine tag, 

purified and the properties of the expressed enzymes were characterised. BAD_1582 

exhibited efficient hydrolysis of lactose and transgalactosylation activities at low 

concentration of lactose (6-8%) to produce GOS with different DP and linkages. These 

properties make this enzyme an ideal candidate for large scale enzymatic hydrolysis of 

lactose and synthesis of potential prebiotic oligosaccharides in dairy and pharmaceutical 

industries. 

4.2. Bioinformatic analysis to identify β-galactosidase gene (BAD_1582) from  

         human faecal microbiome metagenome clones 

The end sequences of the metagenomic inserts in the fosmids showing putative β-

galactosidase enzyme activity were analysed bioinformatically to establish the origin of 

the DNA. Nucleotide blast searches indicated that seven of the metagenome fosmid 

sequences had high identity (98-99%) with genomic DNA of B. adolescentis, a common 

inhabitant of an adult human gut (Table 3.3). The genome annotation of B. adolescentis 

ATCC15703 (NC_008618.1, NCBI) was used to identify possible β-galactosidase genes 

encompassing the sequences of the fosmid inserts. The gene map of the clones shows the 

different regions of B. adolescentis genomic DNA contained within each fosmid (Fig. 

4.1) All the seven clones contained the β-galactosidase gene BAD_1582 and an additional 

five genes (BAD_1583 to BAD_1587). These include the  HdeD family acid-resistance 

protein (BAD_1583), LacI family transcriptional regulator (BAD_1584), carbohydrate 

ABC transporter substrate-binding protein (BAD_1585), sugar ABC transporter permease 

(BAD_1586), and carbohydrate ABC transporter permease (BAD_1587). Most of these 

genes encode sugar transporting permeases. Those proteins are required by the bacteria 

for adaptation in the gut environment by accessing the sugars. Clone 12 had similarity 

with the B. adolescentis genome at one end but matched with uncultured bacterium 

extrachromosomal DNA (85% identity) at the other end (Table 3.3). Such insertion 

sequences could be horizontally transferred to B. adolescentis within the normal gut 

environment.  
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Fig. 4.1 Gene map of fosmids which incorporated the nucleotide sequences of different 

regions of the genome of B. adolescentis and the six common genes shared between 

fosmids. These includes the β-galactosidase gene (BAD_1582), HdeD family acid-

resistance protein (BAD-1583), LacI family transcriptional regulator (BAD_1584), 

carbohydrate ABC transporter substrate-binding protein (BAD_1585), sugar ABC 

transporter permease (BAD_1586), and carbohydrate ABC transporter permease 

(BAD_1587). The numbers on top and end of each clone show location of the nucleotide 

sequences on the ATCC15703 genome.  

PCR to amplify BAD_1582 was carried out using the fosmids from the thirty β-

galactosidase positive clones (Chapter 3.5) as template. Apart from clone 2, all the 

fosmids contain the gene sequence of BAD_1582 (Fig. 4.2).  

                        

    

 

a 
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Fig. 4.2 PCR of representative BAD_1582-harboring metagenome clones. a PCR 

amplification product of the target gene (3.15 kb) of 17 clones (β-gal clones 1-19). Clone 

2 does not contain this gene. b PCR amplification products of the target gene (3.15 kb) of 

12 clones (β-gal clones20-32). 

 

Protein subcellular prediction tool (PSORTb) revealed that BAD_1582 is an intracellular 

protein. The homology-based structure of the enzyme was predicted using SWISS-

MODEL, and BAD_1582 has a homo dimer structure, based on the highest Global Model 

Quality Estimation (GMQE) score (0.66) (Fig 4.3). 

                                         

Fig. 4.3 Homology based structure prediction of the B. adolescentis β-galactosidase, 

BAD_1582. The model was constructed using SWISS-MODEL based on homology of 

the amino acid sequences of this enzyme with other known sequences in database, 

resulting in a homodimer (matching prediction) with a highest GMQE score.  

b 
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The putative conserved domains with the Bifidobacterium β-galactosidase, BAD_1582 

were identified from conserved domain database (CDD) and Pfam database. As is 

indicated in Fig 4.4 the enzyme has specific hits with lacZ, Glycoside hydrolase family 2 

and β-galactosidase small chain with E-values of 1.88e-143, 2.82e-138
 and 6.85e-97

 

respectively, which infers BAD_1582 is a β-galactosidase enzyme.  This enzyme has non-

specific hits with evolved β-galactosidase (EbgA), cryptic β-D-galactosidase subunit α 

with E-value of 0.  Thus, based on sequence identity on conserved domain database 

(CDD) and Pfam, BAD_1582 belongs to the glycoside hydrolase family 2 (GH2).   

 

Fig. 4.4 Putative conserved domains of the protein sequence of BAD_1582, in the CDD 

and Pfam databases. 

A phylogenetic tree was constructed using Bifidobacterium species protein sequences 

similar to BAD_1582 (E-value = 0, % identity >68%) and the 5 SmartBLAST reference 

landmark protein sequences for known GH2 β-galactosidases (E-value < e-113, % identity 

>30%). Phylogenetic analysis revealed that BAD_1582 is more distantly related to other 

known GH 2 β-galactosidases identified from different species of bacteria and plants  such 

as Arabidopsis thaliana (30% identity), soybean (32% identity) Streptomyces coelicolor 

(40% identity), Thermotoga maritima (33% identity), E. coli (32% identity). However, 

BAD_1582 is closely related to β-galactosidases identified from some Bifidobacterium 

species such as B. ruminatium (88% identity), B. pseudocatenulatum (77% identity), 

Bifidobacterium sp. N4GO5 (68% identity), B. kashiwanohense (68% identity), B. 

tsurumiense (68% identity), B. catenulatum (68% identity) and B. longum (68% identity), 

which can indicate these enzymes might be descended from the same ancestral protein 
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(Fig. 4.5) On the contrary the enzyme has less homology (<68% identity ) to β-

galactosidases from B. animalis, B. infantis, B. bifidum, B. breve, B. dentium, B. reuteri 

and other members of the Bifidobacterium taxa. 

 

Fig. 4.5 Evolutionary relationship of BAD_1582 with homologous proteins and landmark 

similar sequences. The evolutionary history was infered using UPGMA method. The 

optimal tree with the sum of branch legnth=3.18 is shown. The tree is drawn to scale, with 

branch lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The evolutionary distances were computed using the Poisson correction 

method and are in the units of the number of amino acid substitutons per site. The analysis 

involved 15 amino acid sequences. All positions containing gaps and missing data were 

eliminated. There were a total of 891 positions in the final data set. Evolutionary analyses 

were conducted in Mega 7. The top three B. adolescentis refer BAD_1582 and two β-

galactosidases with high identities with BAD_1582 (≥ 99% and  ≥ 93%) and the top 

identity matches for each Bifidobacterium (≥ 68%) were incorporated for this analysis..    
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4.3. Optimisation of expression of His-tagged BAD_1582 

BAD_1582 was amplified by PCR and cloned in the expression plasmid pET101 with a 

hexa histidine-tag to generate plasmid pDMg1a. The plasmids pDMg1a and the empty 

vector pET101 were transformed into lacZ- expression host E. coli T7 express, to generate 

E. coli T7 Express (pDMg1a), andE. coli T7 Express (pET101), respectively.  The E. coli 

T7express (pDMg1a) was used for expression of the recombinant Bifidobacterium β-

galactosidase BAD_1582. E. coli T7express (pET101) was used as negative control.  

To confirm the cloned gene in pDMg1a was intact and in correct orientation, the plasmids 

pDMg1a and pET101 were purified and then subjected to double restriction enzyme 

digestion using HindIII and SacI.  The restriction pattern analysis indicated that the correct 

size bands (6058 bp, 1576 bp, 884 bp, 374 bp) for pDMg1a harbouring intact BAD_1582 

in a correct orientation were obtained, while in the case of pET101 (5,753 bp) only vector 

bands were detected (Fig. 4.6). Furthermore, the gene sequence obtained from primer 

walk sequencing revealed that an intact gene (3,150 bp) was cloned in correct orientation 

in pDMg1a.     

                                                                   

                                  

Fig. 4.6 Restriction pattern analysis of recombinant clone pDMg1a and empty vector 

pET101 after double digestion using Hind III and SacI. Lane 1 (M), 1 Kb molecular 

ladder; Lane 2, pET101 and Lane 3, pDMg1a. 
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E. coli T7 express (pDMg1a) and E. coli T7 express (pET101) were cultured on LB agar 

plates supplemented with X-gal in the presence of 1 mM IPTG. The β-Galactosidase 

activity of recombinant BAD_1582 was confirmed by the characteristic blue colonies 

while E. coli T7 express (pET101) appeared white (Fig. 4.7).  

 

              

 

Fig. 4.7 The recombinant clone E. coli T7express (pDMg1a) and empty vector harboring 

clone E. coli T7express (pET101) streaked on LB agar supplemented with X-gal in the 

presence of 1 mM IPTG, indicating the expression of the recombinant β-galactosidase, 

BAD_1582.   

After the X-Gal confirmatory test, the Miller assay was conducted on the E. coli T7 

express (pDMg1a) and E. coli T7 express (pET101) to analyse the level of β-galactosidase 

activity. A fresh single colony of E. coli T7 express (pDMg1a), E. coli T7 express 

(pET101) and a positive control E. coli BL21 (DE3) were inoculated in LB broth (with 

added Amp for the former 2 strains) overnight at 37oC.  The following day 0.1 OD600 of 

the overnight cultures was transferred to fresh LB broth and incubated at 37oC with 

shaking until OD600~0.4-07 was reached. Thereafter, 0.1 mM IPTG was added to the 

experimental group to induce expression of the recombinant β-galactosidase and no IPTG 

was added to the control strains and incubated for 3 h at 37oC with shaking. After that, 

100 μl aliquots from each culture was used for Miller assay. The level of β-galactosidase 

activity for E. coli BL21 (DE3) in the presence of IPTG was (7,088 Miller Units) and in 

the absence of IPTG (2,246 Miller Units) as expected higher activity was detected in IPTG 
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induced culture than the un-induced culture.  On the other hand, the β-galactosidase 

activity of E. coli T7express (pDMg1a) was relatively less compared to the positive 

control BL21 (DE3), with IPTG (361 Miller Units) and without IPTG (1,787 Miller Units) 

were detected. This result confirmed the enzyme activity was unaffected by the 

incorporation of the His-tag. However, the level of β-galactosidase activity was five-fold 

higher in un-induced E. coli T7express (pDMg1a) compared to the induced culture. The 

later could be due to most likely a leaky T7 promoter which allowed the expression of the 

recombinant BAD_1582 without IPTG induction, besides clump of cells could have been 

pipetted during the assay (experimental error) which contributed for the high Miller Units 

by the culture without IPTG (Fig. 4.8). The negative control E. coli T7 express (pET101) 

had very low β-galactosidase activity (3 Miller Units). 

             

 

Fig. 4.8 Miller assay on E. coli T7 express (pDMg1a), E. coli T7 express (pET101) and 

lacZ+ E. coli BL21DE (3) with and without presence of 0.1 mM IPTG. The values 

represent the means of three biological replicates, each independent biological replicate 

had three technical replicates. Error bars represent standard deviations.  

Hence to decrease the basal expression of BAD_1582, a pLysS plasmid was transformed 

into E. coli T7express (pDMg1a) and E. coli T7 express (pET101). The pLysS plasmid is 

used in DE3 lysogenic hosts to suppress basal expression from the T7 promoter by 

producing T7 lysozyme, a natural inhibitor of T7 RNA polymerase (Novagen). The strains 

containing pLysS and the E. coli BL21 (DE3) were incubated in the presence or absence 
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of 0.1 mM IPTG at 37oC with shaking.  Thereafter, the Miller assay was conducted. The 

result showed the presence of pLysS inhibited the basal expression of recombinant β-

galactosidase from E. coli T7 express (pDMg1a) in the absence of IPTG, as a higher β-

galactosidase activity (238 Miller Units) was detected after IPTG induction, than without 

IPTG (37 Miller Units) (Fig 4.9). The β-galactosidase activity of E. coli T7 express 

(pDMg1a) in the presence of IPTG with or without pLysS was similar, while the β-

galactosidase activity of the uninduced strain + pLysS was considerable lower than in the 

absence of pLysS, and was similar to the negative control (compare Fig 4.8 and Fig 4.9).  

 

    

Fig. 4.9 Miller assay on E. coli T7 express (pDMg1a) (pLysS), E. coli T7 express 

(pET101) (pLysS) and lacZ+ E. coli BL21 (DE3) with and without presence of 0.1 mM 

IPTG. The values represent the means of three biological replicates and each independent 

biological replicate had three technical replicates. Error bars represent standard 

deviations.  
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For optimisation of expression of BAD_1582, the four strains T7 express E. coli 

(pDMg1a), T7 express E. coli (pDMg1a) (pLysS), T7 express E. coli (pET101), and T7 

express E. coli (pET101) (pLysS) were used. The parameters used were two different 

concentrations of IPTG (0.1 and 1 mM) and four time points of induction (0, 1, 2, 3 and 

4 h) with the culturing protocol described above. Aliquots (50 µl) were withdrawn and 

analysed with SDS-PAGE. The enzyme has a predicted molecular size of 117 kDa by 

amino acid content. Strongest expression of BAD_1582 was detected at 4 h (data not 

shown). At this time point the protein was not detected in either of the negative control 

T7 express E. coli (pET101) strains. The protein band of BAD_1582 was not clearly seen 

in the T7 express E. coli (pDMg1a) without pLysS, presumably due to poor expression. 

Nevertheless, the band of BAD_1582 was clearly seen in the T7 express (pDMg1a) 

(pLysS) sample, which indicates expression had happened, besides expression was 

similar at both concentrations of IPTG in this sample (Fig. 4.10). 

 

                            

Fig. 4.10 SDS-PAGE analysis of expression of BAD_1582 after 4 h IPTG induction. Red 

marker box indicates enzyme with predicted size of 117kDa. Strains assessed were E. coli 

T7 express (pDMg1a) (E. coli T7 express (pDMg1a) (plysS) E. coli T7 express (pET 101) 

and E. coli T7 express (pET 101) induced at 0.1 and 1 mM IPTG   PL, Protein molecular 

weight marker. 
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4.4. Expression and purification of the His-tagged β-galactosidase BAD_1582 

In order to express the recombinant BAD_1582, the expression host E. coli T7 express 

(pDMg1a) was cultured to exponential phase, 1 mM IPTG was added and induction of 

protein expression was continued for 4 h. PSORTb subcellular prediction tool predicted 

that BAD_1582 is localized in the cytoplasm and hence for purification of this protein 

IPTG induced cells were lysed to extract the expressed proteins from the cytoplasm. IPTG 

induced E. coli (pDMg1a) cells were harvested, lysed, and the His-tagged enzyme was 

purified from the soluble fraction by Ni2+-NTA column chromatography (12 μg ml-1 

culture was purified). Remaining low molecular mass co-purified contaminant proteins 

were removed by filtration through a 100 kDa amicon filter and the resulting 117 kDa 

protein was the only protein present by SDS-PAGE analysis with Coomasssie and silver 

staining (Fig. 4.11 a, b). Immunoblotting to detect the His-tag confirmed the presence of 

His-tagged BAD_1582 (Fig. 11c). 
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Fig. 4.11 BAD_1582 Purification. Purification of the protein analysed by SDS-PAGE of 

purification step samples. a Coomassie stained gel, b Silver stained gel, c western blot 

image using monoclonal anti-polyhistidine antibody conjugated to peroxidase and 

Tetramethyl Benzidine (TMB) for staining. The flow through and eluates are samples 

obtained from Ni2+-NTA column purification and concentrate is concentrated sample 

using amicon centrifugal fitters. The protein molecular weight marker used was Color 

Prestained Protein Standard, Broad Range (11–245 kDa). 

4.5. Biochemical properties of BAD_1582 

Every enzymatic reaction is affected by several external factors, such as pH, temperature, 

ionic strength, enzyme concentration, substrate concentration, metal ions, detergents, 

presence of inhibitors or activators etc. (Bisswanger 2014). Thus, it is necessary to 

determine the optimal conditions that an enzyme works best. The optimal conditions of 

BAD_1582, were determined by measuring the β-galactosidase activity using a 

colorimetric enzyme assay. The assay was carried out in the presence of the chromogenic 

c 
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substrate oNPG and the liberation of the product (o-nitrophenol) by the enzyme was 

measured using spectrophotometer (stopped assay at a defined time). All characterization 

of the enzyme was carried out in 50 mM sodium phosphate buffer, pH 7 (prepared by 

adding 39 parts sodium monobasic and 61 parts sodium dibasic by volume, both at 50 

mM stock) containing 10 mM MgCl2. The effect of pH on the β-galactosidase activity of 

BAD_1582 was tested by incorporating 8.75 μg ml-1 of purified enzyme in 50 mM sodium 

phosphate buffer containing 10 mM MgCl2 over the pH ranges of 4.0 to 10.0 in the 

presence of 2 mM oNPG for 30 min at 37oC.  After that the reaction was stopped using 

500 mM sodium carbonate and the released product (o-nitrophenol) was measured using 

BioTek Spectrophotometer at 420nm.This enzyme had an optimum pH of 7.0 and retained 

60% of its activity between pH 6.0 and 8.0 (Fig. 4.12a), however its activity were declined 

at acidic and basic pH. The pH stability of BAD_1582 was determined by preincubating 

the enzyme (8.75 μg ml-1) in the aforementioned buffer over pH ranges of 4.0-10.0 for 24 

h at 4oC, then the enzyme from each pH ranges were brought back to pH 7.0 and enzyme 

assay was conducted in the presence of 2 mM oNPG for 30 min at 37oC. BAD_1582 was 

stable at all pH tested with 87% of its activity retained at pH 4 (Fig. 4.12a).  

The effect of temperature on the β-galactosidase activity of BAD_1582 was tested by 

incubating the enzyme (8.75 μg ml-1) between 0-60oC in 50 mM sodium phosphate buffer 

containing 10 mM MgCl2 and 2 mM oNPG for 30 min. The optimum temperature of this 

enzyme was determined to be 37oC, but it was active over a wide range of temperatures, 

retaining 60% of its activity at reaction temperatures between 20 to 45oC (Fig. 4.12b). 

The residual enzyme activity was measured in a reaction performed at 37°C after 1 h 

preincubation of the enzyme (8.75 μg ml-1) in 50 mM sodium phosphate buffer/10 mM 

MgCl2 set at various temperatures (0-60oC). These results showed that the enzyme was 

stable for 1 h up to 40oC (65% of its activity was retained), and its stability declined as 

temperatures increased (at 50°C less than 20% activity retained) (Fig. 4.12b). The effect 

of storage temperatures on the activity of BAD_1582 was determine by preincubation of 

the enzyme (8.75 μg ml-1) in 50 mM sodium phosphate buffer/10 mM MgCl2 (pH 7.0) at 

4oC, -20oC and RT (20oC) for 24 h and after the stored enzyme was brought back to 37oC 

and β-galactosidase activity was determined by adding 2 mM oNPG for 30 min. Storage 

at 4oC and -20oC did not decrease the activity of the enzyme. On the other hand, storage 
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at room temperature for 24 h decreased the activity of this enzyme by 35% (Fig. 4.12c). 

The enzyme was stored at 4oC for more than five weeks and its activity was not decreased 

(data not shown), but for long term storage -20oC in a 50% glycerol stock was used and 

the activity was unaffected.  

 

                      

                                

 

 

                 

Fig. 4.12 Effect of pH and temperature on BAD_1582. a and b Effect of pH (a) and 

temperature (b) on the β-galactosidase activity (squares) and stability (triangles) of 

BAD_1582 in 50 mM sodium phosphate buffer. c Effect of storage temperature on the 

a 

c 

b 
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activity of BAD_1582, each data compared to 4oC storage. The values represent the mean 

of three independent experiments and the error bars represent standard deviation.  

Some enzymes require the presence of a cofactor or prosthetic group for their activity. To 

determine the metal ion requirement of BAD_1582, β-galactosidase activity assay was 

carried out in 50 mM sodium phosphate buffer (pH 7) or 100 mM Tris-HCl buffer (pH 7) 

supplemented with monovalent and divalent metal ions at a final concentration of 10 mM. 

The assay contained, enzyme (8.75 μg ml-1), substrate oNPG (2 mM) and metal ions (10 

mM) incubated at 37oC for 30 min. Two buffers were used because the divalent ions 

(Ca2+, Mn2+, Zn2+ and Cu2+) could not dissolve in sodium phosphate buffer, thus 100 mM 

tris HCl buffer was used for this metal ions. Moreover, the effect of EDTA on the activity 

of BAD_1582 was determined by preincubating the enzyme (8.75 μg ml-1) in 50 mM 

sodium phosphate buffer (pH 7.0) in the presence of 10 mM EDTA for 3 h at 4oC. After 

that, the β-galactosidase activity was determined by addition of 2 mM oNPG at 37oC for 

30min.The addition of Mg2+ enhanced the activity of BAD_1582 by 30% to 70% 

(depending on the buffer) followed by Ca2+ and Zn2+, respectively. On the other hand, the 

enzyme activity was abolished by the addition of Cu2+ and showed 59% reduction in the 

presence of Mn2+ ions. The addition of EDTA inhibited the activity of the enzyme 

compared to the control which indicated a reliance of the enzyme on a divalent cation. 

However, the EDTA did not abolished the enzyme activity, presumably some of the metal 

ions were tightly bound to the enzyme. The control without added metal ions showed 

activity due to a carryover of the bound metal ion in the enzyme and were not lost because 

of the purification procedure (Table 4.1). 
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 Table 4.1 Effect of divalent cations and EDTA on the activity of BAD_1582 in  

                             50mM phosphate buffer/100mM Tris-HCl buffer. 

                                               

      
 * n.d- the experiment in the specified buffer was not determined. The values represent the mean ±Standard deviation 

of three biological replicates, each with three technical replicates. 

 

The activity of enzymes is affected by the exposure to detergents and denaturing agents, 

as these factors alter the native conformation of the enzyme which ultimately result in the 

loss of activity either reversibly or irreversibly. Herein, the effect of different detergents 

or denaturing agents on BAD_1582 were determined, by performing an enzyme assay 

containing BAD_1582 (8.75 μg ml-1), oNPG (2 mM) in the presence of different 

concentrations of SDS, Triton X-100, urea and β-mercaptoethanol and incubated at 37oC 

for 30 min. As shown in Fig 4.13, the enzyme was severely inhibited by the addition of 

SDS at a concentration of 0.5% and above whereas addition of urea at 0.1 mM  enhanced 

the activity of BAD_1582 while no inhibition or enhancement were observed at 

concentrations of at 0.5 mM and 1 mM. On the other hand, Triton X-100 enhanced activity 
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at 0.5% and 1%, and no inhibition was observed at 0.1%. However, the presence of β-

mercaptoethanol did not have an effect on the activity of BAD_1582 at the concentrations 

tested. This is a desirable feature for biotechnological application as this enzyme did not 

require a reducing agent for its activity. 

             

Fig. 4.13 Effect of detergents and denaturants on the activity of BAD_1582 in 50 mM 

sodium phosphate buffer. The data are relative to the enzyme incubated in phosphate 

buffer/10 mMMgCl2 (positive control) without any added detergent or denaturants. The 

values represent the mean of three biological replicates, each with three technical 

replicates. The error bars represent the standard deviation. 

 

4.6. Substrate specificity and kinetic parameters 

Enzymes are extraordinarily selective catalysts, endowed with the ability to select a single 

substrate from a range of similar compounds. The specificity of the enzymes arises from 

the three dimensional conformation of the active site (Hedstrom 2001). On the other hand, 

substrate specificity of enzymes cannot be absolute as many metabolic enzymes lack this 

and may act on alternative substrates (Peracchi 2018). In this case substrates are compared 

based on the ratio of the Kcat/Km values for their reactions (Tawfik 2014), which is a 

discrimination factor when two or more alternative substrates of the enzymes are 

presented, the enzyme selects one over the other (Peracchi 2018). 
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To determine the substrate specific of BAD_1582, different chromogenic substrates with 

α and β-linkages were used. The assay contained BAD_1582 (8.75 μg ml-1) and the 

substrates (2 mM) in 50 mM sodium phosphate buffer (pH 7) and incubated at 37oC for 

30 min.  This enzyme has high substrate specificity on β-linked galactose residues, as 

shown by its high specific activity on pNPG (112 µmol/min/mg) and oNPG (18 

µmol/min/mg), whereas no activity was detected on α-linked galactose as in pNp-α-Gal. 

The enzyme doesn’t have any activity on the other tested pNP based substrates (pNP-β-

D-Glc, pNP-α-D-Man, pNP-α-L-Fuc, pNP-α-L-Xyl, pNP-GalNAc and pNP-GlcNAc) 

which proves this enzyme has a very narrow range of substrates, and acted selectively 

only on β-linked galactose residues (Table 4.2). A higher specific activity y of this enzyme 

towards pNPG was detected compared to oNPG during the substrate specificity test. 

These could be due to the difference in presentation of nitro group on the 4th and 2nd 

carbon of phenol in pNPG and oNPG providing a distinct interaction of these substrates 

with the active site of this enzyme.   

 

     Table 4.2. Substrate specificity of BAD_1582 tested on pNP based substrates            
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To determine the kinetic parameter of BAD_1582 a time course enzyme assay was carried 

out using oNPG and lactose as a substrate. Time course β-galactosidase activity was 

monitored for 18 min using different concentrations of the chromogenic substrate oNPG 

(0.25-20 mM) and the substrate lactose (5-200 mM), relatively high initial concentrations 

of lactose (≥ 5 mM) was used to make sure products (glucose) is detected from indirect 

assay, besides to examine if there exists substrate inhibition by lactose. The release of 

oNP from oNPG was directly measured using Biotech spectrophotometer at 420 nm while 

the release of glucose from lactose was quantified using glucose oxidase/peroxidase assay 

kit (Sigma). The liberated glucose is oxidized to gluconic acid and hydrogen peroxide by 

glucose oxidase. Hydrogen peroxide reacts with o-dianisidine (reduced and colourles) in 

the presence of peroxidase to form a brown colored product (Oxidized o-dianisidine). The 

oxidized o-dianisidine reacts with sulfuric acid to form a more stable pink colored product 

(Oxidized o-dianisidine). The intensity of the pink colour is measured at 540 nm and it is 

proportional to the concentration of glucose (Fig. 4.14a and c). The enzyme showed 

substrate inhibitions at concentrations ≥ 2.5 mM oNPG (Fig. 4.14a). In the case of lactose, 

substrate inhibition was not observed when lactose was used as a substrate even as 

concentration increased to 200 mM (Fig. 4.14c). The enzyme rate (µmol min-1 mg-1) was 

determined from non-linear regression fit model of substrate concentration vs enzyme rate 

using Michaelis-Menten kinetics for oNPG (Fig. 4.14b) and lactose (Fig. 4.14d).  
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Fig. 4.14 Kinetic parameter determination of BAD_1582 using oNPG and lactose as a 

substrate. a Time course assay of BAD_1582 activity in the presence of different 

concentration of oNPG. b Non-linear regression fit for estimation of the kinetic 

parameters of BAD_1582 using oNPG as a substrate (0.25-1.00 mM) between 0- 6 min.  

c Time course assay of BAD_1582 in the presence of different concentration of lactose 

as a substrate. d Non-linear regression fit for estimation of the kinetic parameters of 

BAD_1582 using lactose as a substrate (5-200 mM) between 0-6 min.  

a 
b 

c d 
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The enzyme had a Km of 2.5 mM and Vmax of 51 µmolmin-1mg-1 for oNPG and Km of 3.8 

mM and Vmax of 11 µmolmin-1mg-1 for lactose, Besides, the catalytic efficiency; Kcat/Km 

of this enzyme for oNPG was 39.6 s−1 mM−1 which was 7 fold higher than of lactose which 

was 6.0 s−1 mM−1 (Table 4.3). Nevertheless, the rate of this enzyme for oNPG showed a 

substantial decrease with increasing concentration of the chromogenic substrate oNPG (≥ 

2.5 mM) (Fig. 4.14 a) but the enzyme did not display substrate inhibition when lactose 

was used as substrate. The Ki of the enzyme for oNPG was 6.2 e-4 ± 0.82 mM. 

Table 4.3 The kinetic parameters of BAD_1582 using oNPG and lactose as substrate, and 

in the presence of lactose and D-galactose as competitive inhibitors of oNPG hydrolysis. 

 

      * n.d- no substrate inhibition observed and hence Ki was not determined for lactose, oNPG (1 mM)  

       was used as a substrate, lactose (0.75-30 mM) and galactose (10-700 mM) were used as inhibitors.   

   

4.7. Inhibition of BAD_1582 by lactose, glucose and galactose 

The effect of different concentrations of the substrate lactose and its hydrolysis products, 

glucose and galactose, on the activity of BAD_1582 were examined in 50 mM sodium 

phosphate buffer/10 mM MgCl2 (pH 7) in the presence of oNPG (1 mM) at 37oC for 30 

min. The β- galactosidase activity towards the synthetic substrate oNPG declined 

markedly in the presence of increasing concentrations of lactose (Fig. 4.15a). This 

suggested that at higher concentrations lactose competed for the active site and decreased 

the availability of the enzyme active sites for oNPG to bind and hence caused a decrease 

in oNPG hydrolysis. The kinetic parameters of the enzyme towards oNPG in the presence 

of different concentrations of lactose were determined from the time course assay (Fig 

4.15b).  The Ki of lactose as a competitive inhibitor was 3.0 mM.  In addition, Km, Vmax 

and Kcat   for oNPG in the presence of lactose were 1.6 mM, 21 µmol min-1 mg-1 and 25 s-

 

Substrate/Inhibitor      Km (mM)      Vmax (µmol/ min/ mg) Kcat  (S
-1

) Kcat/Km (s−1 mM−1) Ki (mM) 

oNPG    2.5 ±3.1         51.0 ±48.14 99.1      39.6  6.2 e-4±0.82 

Lactose       3.8 ±2.0                               11.0 ± 0.96 22.5      6.0    n.d 

oNPG +Lactose 1.6 ±3.4e+7         21.0 ±2.7e+8 40.8      25.5  3.0 ±2.5e+7 

oNPG+D- 

galactose 

         1.0 ±4.8e+6     20.4 ±4.8e+7 39.7      38.4  115.4 ±2.7e+8 
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1, respectively (Table 4.3). Thus, the catalytic efficiency Kcat /Km towards oNPG was low 

in the presence of lactose. 

The effects of the hydrolytic products of lactose on the activity of the enzyme towards 

oNPG was also determined. The enzyme was highly tolerant to glucose, with less than 

20% reduction in activity up to 400 mM and 66% of the enzyme activity was retained 

even in the presence of 700 mM glucose (Fig. 4.15c). However, it was observed that the 

enzyme was less tolerant to galactose and the activity of the enzyme decreased as the 

concentration of D-galactose increased above 100 mM (Fig. 4.15c). About 44% of its 

relative activity was retained at 700 mM galactose.  The kinetic parameters of the enzyme 

towards oNPG in the presence of galactose as an inhibitor were determined from time 

course assay using oNPG (1mM) as substrate and in the presence of different 

concentrations galactose (Fig. 4.15d). The β-galactosidase activity of BAD_1582 towards 

oNPG declined correspondingly with increasing concentrations of galactose. The Ki, Km, 

Vmax, and Kcat of BAD_1582 using oNPG as a substrate and galactose as inhibitor were 

115 mM, 1.0 mM, 20.4 µmol min-1mg-1 and 39.7 s-1, respectively (Table 4.3). Having a 

relatively high Ki for galactose makes this enzyme an ideal candidate for its application 

in the enzymatic hydrolysis of lactose, due to its limited inhibition by its hydrolysis 

products.  
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Fig. 4.15 Effect of lactose and its hydrolysis products on activity of BAD_1582 towards 

hydrolysis of oNPG after 30 min incubation. a Effect of lactose on the activity of 

BAD_1582. b time course assay of BAD_1582 in the presence of different concentration 

of lactose and 1mM oNPG. c Effect of D-glucose (squares) and D-Galactose (traingles) 

on the activity of BAD_1582 after 30 min incubation. d time course assay of BAD_1582 

in the presence of different concentration of galactose and 1mM oNPG. 

 

a b 

c d 
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4.8. Degalactosylation activity of BAD_1582  

The degalactosylation activity of BAD_1582 was determined using asialofetuin as 

substrate and fetuin as a control. The asialofetuin contains terminal Gal residues (Fig 

4.16a), which could be available for β-galactosidases, while in the case of fetuin the 

terminal sialic acids prevent the accessibility of Gal residues and hence no 

degalactosylation could be possible.  

 

 

 

               

                        

 

                                

Fig. 4.16. Deagalactosylation activity of BAD_1582. a schematic representation of fetuin, 

asialofetuin and degalactosylated asialofetuin. b SDS PAGE analysis for detection of 

degalactosylation activity of BAD_1582 using asialofetuin as a substrate. PL, Protein 

ladder, ASFC asialofetuin control without enzyme; DASF Degalactosylated asialofetuin 

with BAD_1582. FETC, Fetuin control without enzyme. DFET, Degalactosylated Fetuin 

with BAD_1582.  

a a 

b 
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The enzymatic treatment of asialofetuin and fetuin with BAD_1582, after 1h and 8h 

incubation showed no size difference compared to the asialofetuin and fetuin controls 

incubated without enzyme. This indicates that BAD_1582 did not undertake 

degalactosylation of asialofetuin (Fig 4.16b).  

4.9. Transgalactosylation activity and kinetics of GOS synthesis  

β-galactosidases carry out transgalactosylation reaction during lactose hydrolysis, when 

initial lactose concentration is high (Guerrero et al., 2015b). The transgalactosylation 

activity result in the synthesis of disaccharides (other than lactose) and higher DP 

oligosaccharides, known as GOS (Torres et al., 2010a). To determine the 

transgalactosylation activity of BAD_1582, different sugars as galactosyl donor and 

acceptor were examined. In the first approach pNPG (100 mM) as galactosyl donor and 

various sugars such as (arabinose, glcucose, galactose, fructose, GlcNAc and lactose) at  

200 mM concentrations  as acceptors;  lactose (234 mM) were used both as galactosyl 

donor and acceptor; lactose  (200 mM) as galactosyl donor,  fucose and sialic acid (100 

mM) as acceptors were examined. All the assays were carried out in 50 mM sodium 

phosphate buffer and contained 8.75 μg ml-1 purified BAD_1582, incubated at 37oC for 

24 h.  After that, the enzyme was inactivated by heating at 95oC for 5 min. Thin layer 

chromatography (TLC) was conducted to examine the hydrolysis and transgalactosylation 

activity of BAD_1582. The GOS and the hydrolytic products of lactose i.e. glucose and 

galactose were distinguished by their retention factor (Rf) values compared to the standard 

sugars that were run together on the TLC plates. The enzyme hydrolysed both pNPG and 

lactose, since the released galactose and glucose (from lactose hydrolysis) and galactose 

but not pNP (from pNPG hydrolysis) were detected on the TLC plates (Fig. 4.17a and b). 

This confirms the enzyme acted on β-linked galactose.  pNP was not visualized on the 

TLC because the visualization reagent (10% sulfuric acid in ethanol) used could not react 

with phenol and hence not detected, 1% FeCl3 in water and ethanol (50% each) is 

visualizing reagent for phenols.  Synthesis of GOS, occurred only in the assays containing 

lactose as galactosyl donor and acceptor but not in other assays (pNPG as Gal donor; Glc, 

Gal, fructose, arabinose and GlcNAC as acceptor) (Fig.4.17c and d). The three bottom 

spots indicated in Fig. 4.17b are GOS with different DP (with the higher DP at the 
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bottom), and disaccharides (presumably allolactose) in line with the lactose spot were also 

detected. The very top two spots belong to Glc and Gal respectively.  The GOS produced 

using BAD_1582 had equivalent Rf values to the standard GOS used. 

With lactose as a substrate, kinetic studies showed that the transgalactosylation activity 

of BAD_1582 precedes its hydrolytic activity. The GOS with a low degree of 

polymerization (DP) started to accumulate after 4 h of incubation but low hydrolytic 

products were detected on the TLC at this time point (Fig. 4.17e). However, the DP of the 

GOS started to increase in a time dependent manner, with higher DP detected at 24 h 

incubation and greater amounts of Gal and Glc (hydrolysis products) were also detected 

at this time point and the amount of lactose is considerably decreased.  After 72 h 

incubation a very low amount of residual lactose was left (Fig. 4.17e). In addition, at 72 

h the accumulation of GOS markedly declined compared to the preceding time of 

incubation which suggests the enzyme can also hydrolyse GOS. Overall this enzyme 

could enable this Bifidobacterium species to sequestrate the carbon from lactose by 

converting it to GOS and prevent it from accessibility to other lactose hydrolysing bacteria 

in the human gut.  Thereby confer a selective advantage and enable these bacteria to excel 

in the competitive human adult gut environment. 
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Fig. 4.17 TLC analysis of transgalactosylation and hydrolysis activities of BAD_1582. 

Hydrolysis of pNPG after 24 h incubation in the presence of 1.5 unit ml-1enzyme and 

control without enzyme at pH 7 and at 37oC (a) Transgalactosylation reaction products 

with lactose (234 mM) both as donor and acceptor after 24 h incubation with 1.5 unit ml-

1 enzyme and a control without enzyme at pH 7 and at 37oC (b) transgalactosylation 

reaction using pNPG as Gal donor, L-arabinose (c) and fructose (d) as acceptor. Kinetics 

of GOS synthesis of BAD_1582 using lactose as donor and acceptor, monitored between 

4 h-72 h incubation at pH 7 and at 37oC, the numbers 1, 2, and 3 represent technical 

replicates for each time point (e)   

 

HPLC analysis of the GOS synthesized using BAD_1582 was carried out using Waters 

HPLC system (USA). Samples (GOS synthesised with BAD_1582 and standard GOS) 

were labelled with a labeling reagent (comprised of 2-aminobenzamide and sodium 

cyanoborohydride (NaCNBH3). The labeled samples were purified using GlycocleanTMS 

cartridges to remove non-glycan contaminants following manufacturers instruction. 

Eluted glycan samples were freeze dried and used for HPLC analysis.  These samples 

were dissolved in HPLC grade water, 1 in 10 diluted sample and undiluted sample were 

transferred to HPLC vials and placed into auto sample unit of the HPLC. The run was 

e 
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carried out for 24 h, the eluted glycans were detected using the fluorescent detector unit. 

Individual sugars were identified by comparing the retention units with the standard 

sugars.  

HPLC analysis confirmed that GOS with various DP were synthesised through the 

transgalactosylation activity of BAD_1582. The column separates 2-AB labelled glycans 

based on their molecular size Fig 4.18a indicates the HPLC chromatograms of 

transgalactosylation and hydrolytic products. The first peak with elution time of 7 min 

corresponds to Glc and Gal as they were eluted first because of their smaller molecular 

size. The following two distinct peaks with elution time of 12-14 min, presumably 

represent disaccharides with different linkages eg. β-D-Galp-(1-6)-D-Glc (allolactose).   

The last three peaks with elution time of 18-21 min correspond to GOS with different DP 

and align with the peaks of the standard GOS (Carbosynth) run used as a control (Fig 

4.18b). The molecular size of the GOS are higher and hence eluted last. Thus, the HPLC 

analysis is in parallel with the TLC data, which confirm BAD_1582 carry out efficient 

hydrolysis of lactose. Moreover, its transgalactosylation activity produces disaccharides 

with various linkages and GOS with various DP and linkages. Thus, the B. adolescentis 

derived β-galactosidase (BAD_1582) could be a potential candidate to produce lactose-

free dairy products and prebiotic manufacture. 
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Fig. 4.18 HPLC analysis of GOS produced using BAD_1582 and GOS standard 

(Carbosynth). a HPLC analysis of transgalactosylation and hydrolysis activities of 

BAD_1582, with lactose (234 mM) both as donor and acceptor after 24 h incubation with 

1.5 unitml-1 enzyme at pH 7 and at 37oC. The first peak correspond to Glc/Gal, with 

elution time (7 min)   the second set of peaks correspond to disaccharides with different 

linkages with elution time (12-14 min),  and the third group of peaks correspond to GOS 

(DP) with elution time (18-21 min). b HPLC analysis of GOS standard (Carbosynth) 

showing the monosaccharides, disaccharides and GOS with various DP. 

a 

b 
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4.10 Discussion 

In this study through function-based screening of a human faecal microbiome 

metagenome library, a new β-galactosidase enzyme from B. adolescentis was identified. 

Although several β-galactosidases have been identified and characterized, only a few are 

used for food industry applications, as the source microbes should be generally recognized 

as safe (GRAS) by the FDA (Adam et al., 2004). Also, food enzymes should strictly fulfill 

the requirements of the food enzyme (FE) regulation of the European Food Safety 

Authority (EFSA).  

Therefore, the most widely used β-galactosidases are obtained from Kluveromyces spp. 

and Aspergillus spp.  Even though these β-galactosidases have been widely utilized by 

dairy industries for removal of lactose and synthesis of GOS based prebiotics, these 

enzyme showed some limitations such as low affinity for lactose and product inhibition 

by Gal (Erich et al., 2015). Thus, there is a demand for isolating new β-galactosidases 

which can surpass the aforementioned limitations. In this regard, we screened a human 

faecal microbiome metagenomic library for identification of β-galactosidases with 

industrially desirable properties such as higher affinity for lactose and lower inhibition by 

Gal. 

While the gene sequence of BAD_1582 was identified during the genome sequencing of 

B. adolescentis (Suzuki 2006), it was not previously characterized.  29 fosmids which had 

incorporated different regions of the genome of B. adolescentis harboring BAD_1582 

were selected in agar-based functional screening. However, β-gal clone 2 did not harbor 

the BAD_1582 gene, the sequences for this clone have no significant similarity in 

databases, and presumably it contained sequences from previously uncharacterized 

microbiome. The high abundance of this bacterium in the adult human gut microbiome 

likely contributed to the high number of clones containing this gene being selected (Milani 

et al., 2015a). Indeed, analysis of the metagenomic library indicated that 47% of clones 

contained B. adolescentis DNA (Chapter 3). The method of DNA purification during 

metagenomic library construction might have favored the lysis of this Bifidobacterium 

strain. Some of the β-galactosidase encoding clones were not expressed by heterologous 

host, E. coli due to several  factors such as codon bias, poor expression of molecular 
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chaperones, toxicity of proteins etc. (Kaur et al., 2018; Lipinszki et al., 2018b; Rosano 

and Ceccarelli 2014) 

The genome analysis of Bifidobacterium species had revealed that their genome comprise 

numerous genes involved in carbohydrate metabolism (Milani et al., 2015a). β-

galactosidases with novel properties from Bifidobacterium species have been isolated and 

characterised through cloning and expression of the recombinant enzymes in L. lactis and 

E. coli.  Among these, a few displayed transgalactosylation activities and hence synthesis 

of GOS. The B. longum BCRC 15708 β-galactosidase transgalactosyltaion activity 

produced two types of GOS; tri and tetra saccharides (with trisaccharide the dominant 

GOS) from 40% initial lactose at 45oC and pH 6.8 (Hsu et al., 2007). The Bifidobacterium 

breve β-Gal I and β-Gal II produce GOS with β-D-Galp-(1-6)-D-Glc (allolactose)   and 

β-D-Galp-(1-3)-D-Lac the predominant GOS respectively, at pH of 7.0 and 50oC (β-Gal 

I) and pH of 6.5 and 55oC (β-Gal II) (Arreola et al., 2014b). B. longum subsp. longum 

RD47 had a maximum production of GOS at pH 8.5 and 45oC (Oh et al., 2017) while B. 

breve B24 β-galactosidase showed  42% GOS yield  from 1M lactose at pH 7.0 and 45oC 

(Yi et al., 2011). 

Phylogenetic analysis demonstrated that BAD_1582 had strong evolutionary linkages 

with β-galactosidases from other species of Bifidobacterium. The genome of B. 

adolescentis ATCC15703 contains eight galactosidase genes 

(https://www.ncbi.nlm.nih.gov/genome/proteins/683?genome_assembly_id=300284), of 

which two are α-galactosidases (BAD_RS08025/1528 (GH36) & BAD_RS08295/1576 

(GH36)) and the remaining six are β-galactosidases (BAD_RS06400/1211 (GH42), 

BAD_RS07395/1401(GH42) (Hinz et al., 2004; Van Laere 2000), BAD_RS07400/1402, 

BAD_RS08435/1603 (GH42), BAD_RS08325/1582 (GH 2) and BAD_RS08455/1605 

(GH2).  

A protein alignment of the six B. adolescentis β-galactosidases was created using 

MEGAX software with MUSCLE algorithm. The alignment is indicated below, 

conserved sequences are shaded.   

https://www.ncbi.nlm.nih.gov/genome/proteins/683?genome_assembly_id=300284
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The blast record indicated that BAD_1582 was distantly related to the five β-

galactosidases, it has the highest similarity with BAD_1605 with 67.53% identity and E-

value 0.0 followed by BAD_1211 with 60.0% identity and E-value 3.5. However, its 

similarity was less significant to the remaining β-galactosidases, with 33.33% and E-value 

of 1.8 and 1.7 for BAD_1401 & BAD_1402 respectively. Whereas, it was least similar 

with BAD_1603, with 26% identitiy and E-value 2.1. 

The β-galactosidases BgaB/ BGal II with locus tag of BAD_1401 has been extensively 

studied for lactose hydrolysis and transgalactosylation activity, and had and an optimal 

activity at pH 6.0 and 50oC showed low GOS production in the presence of 10 mg ml-1 

initial lactose concentration (Hinz et al., 2004). Its expression was induced when B. 

adolescentis was grown on GOS supplemented media as sole carbon source (Akiyama et 

al., 2015; Van Laere et al., 2000). These enzyme was highly abundant only when the GOS 

is available in the media was active towards GOS (including from soy sources), but did 

not act on fructooligosaccharides (Van Laere et al., 2000). On the other hand the other 

Bgal I β-galactosidase which was also expressed in the media containing GOS (with less 

extent) did not act on GOS rather it was active only on lactose (Van Laere et al., 2000). 

When B. adolescentis was grown in GOS containing media high level expression of 

BAD_1605 was obtained (50 times higher than when B. adolescentis was grow in medium 

supplemented with glucose), BAD_1582, BAD_1401 were also expressed but at lower 

level (Akiyama et al., 2015). Thus, the presence of several galactosidase enzymes in the 

genome of this bacterium supports the existence of possible specialization among these 

enzymes for various glycans as substrates, such as the host mucin oligosaccharides and 

dietary fibers within the gut.  Bifidobacterial β-galactosidases with wide range of substrate 

specificities have been reported. The B. breve UCC2003 β-galactosidase Bbr_0010 

hydrolyze lactose and lacto-N-neotetraose (LNnT) (Galβ 1-4GlcNAcβ 1-3Galβ 1-4Glc) 

while Bbr_1552 hydrolyse GOS, lacto-N-tetraose (LNT) (Galβ 1-3GlcNAcβ 1-3Galβ 1-

4Glc) and  LNnT (James et al., 2016). β-galactosidases of B. breve specialized on 

hydrolysis of plant derived galactans have also been reported (O'Connell Motherway et 

al., 2011). 20 β-galactosidases identified from four infant derived Bifidobacterium 

species; B. breve, B. bifidum, B. longum subsp. longum and B.longum subsp. infantis were 

tested for their ability to hydrolyse various β-linked galactose containing substrates such 
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as galactobiose (Galβ1-6Gal), galactobiose (Galβ1-4Gal), LNT, LNnT, 2’-FL and 3’-

fucosyllactose (3’-FL) (Ambrogi et al., 2019). The B. bifdum β-galactosidases are among 

the glycoside hydrolases involved in the deconstruction of mucin O-glycans (Turroni et 

al., 2010). 

Besides the galactosidases, the genome of B. adolescentis ATCC15703 encodes two lacS 

(Lactose and galactose permease, GPH translocator family) genes (BAD_ 1188 and 

BAD_ 1604), which are galactoside symporters for translocating sugars and cations. The 

LacS symporter (BAD_1604)  (a galactoside pentose-hexuronide permease) transports 

lactose and cations simultaneously using the potential energy of electrochemical gradients 

caused by cation intake (Akiyama et al., 2015). These the lacS symporters have an 

equivalent function with the lactose permease of E. coli. In addition BAD_1582 gene is 

surrounded by the ABC transporter substrate-binding protein (BAD_1585), sugar ABC 

transporter permease (BAD_1586), and carbohydrate ABC transporter permease 

(BAD_1587)  may have a role in the transport of sugars (lactose, and other 

oligosaccharides) in and out of the cell. However their expression was not induced during 

GOS supplementation, presumably these cluster of genes may not be necessary for GOS 

uptake (Akiyama et al., 2015). However, the role of this transporters in the uptake of other 

kinds of glycans in the human gut environment needs further research. The LacI family 

transcription regulators (BAD_1584) and LacI-type transcriptional regulator 

(BAD_1189) as other known lacI families presumably encode for lacI regulatory protein 

(lac repressor) which controls the transcription of the lac operon by binding to the 

operator in the absence of lactose (Oehler 2009).  BAD_1582 was sufficiently expressed 

using the transcriptional and translational machinery of the E. coli EPI300 host. 

To examine the properties and application of BAD_1582, the gene was cloned with a His-

tag for optimal induction and expression in E. coli. The His-tagged enzyme with a 

molecular mass of 117 kDa was obtained using Ni2+-NTA column chromatography and 

size filtration. BAD_1582 has optimum hydrolytic activity at pH 7.0 and 37oC using 

oNPG as a substrate. On the other hand, β-gal II (BAD_RS07395, GH 42) from B. 

adolescentis, has optimal activity  at pH 6.0 and 35oC using pNPG as a substrate (Hinz et 
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al., 2004). Thus, different β-galactosidases display different properties even if they are 

isolated from the same strain of bacteria.  

As a normal inhabitant of the human gut, the hydrolytic activity of this enzyme at normal 

physiological pH and temperature is compatible with the bacterium’s environment. 

However temporary fluctuations from a fruit rich diet, acidic secretions from stomach, 

bile salts and SCFA resulting from fermentation of dietary fibers by resident microbiota 

might contribute to the change of the pH within the colon (Tomasello et al., 2016; 

Tomasello et al., 2014). Having a wide range of pH stability (pH 4-10) might contribute 

to better adaptation of this beneficial bacteria than the other members of the microbiota 

with β-galactosidases that exhibit a narrower range of pH stability.  Most enzymes have 

a limited range of pH stability (usually close to their optimal pH) due to the irreversible 

loss of their tertiary structure. Nevertheless a few enzymes have been shown to have wide 

pH stability, such as trypsin with an optimal pH activity of 9.5, which is stored at acidic 

pH (pH 3) to prevent autolysis (Bisswanger 2014). On the other hand, the enzyme has low 

stability at temperatures above 40oC, which is also a feature that result from adaptation to 

the physiological temperature in the colon. In line with this, several β-galactosidases has 

shown a low stability above their optimal temperature (Liu et al., 2017b). However, 

thermostable β-galactosidase (BbgIV) from B. bifidum displayed high 

transgalactosylation activity at 65oC (Osman et al., 2012) and functional screening of 

metagenome DNA isolated from various environments uncovered thermostable and 

thermotolerant β-galactosidases (Maruthamuthu and van Elsas 2017; Zhang et al., 2013).  

BAD_1582 was reliant on divalent cations and displayed high activity in the presence of 

Mg2+ and Ca2+ ions but was strongly inhibited by Cu2+ and Mn2+. Having higher activity 

in the presence of Ca2+ would be a desirable feature as natural milk is rich in this metal 

ion (Šimun Zamberlin 2012). The GH 2 β-galactosidases β-gal I and β-gal II of B. breve 

DSM 20213 have improved thermal stability in the presence of 1 mM Mg2+ (Arreola et 

al., 2014c), which showed the Mg2+  is involved in stability of the enzyme rather than 

catalytic role. The GH 2 β-galactosidases from Arthrobacter sp. 32cB  have  highest 

activity in the presence of Mg2+  followed by  Ca2+ but was inhibited in the presence of 

either Cu2+ and Mn2+ (Han et al., 2014; Pawlak-Szukalska et al., 2014). In contrast the 
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GH 35 β-galactosidase from Akkermansia muciniphila exhibit strong inhibition in the 

presence of Mg2+ (Guo et al., 2018). There seems a similar pattern of divalent cation 

requirement between the β-galactosidases which belong in the same GH family of the 

CAZy database.  

Similarly to other known β-galactosidases (Guo et al., 2018), SDS strongly inhibited the 

activity of BAD_1582, however BAD_1582 was unaffected by β-mercaptoethanol, urea, 

and Triton-X-100. β-mercaptoethanol is added in many enzymatic reactions to enhance 

protein stability by inhibition of oxidation of sulfhydryl groups in the enzyme. BAD_1582 

is unaffected by β-mercaptoethanol, which could indicate the inaccessibility of free 

sulfhydryl group which could potentially oxidise and de-stabilize the enzyme. This 

property could be useful for food industry application as addition of reducing agents such 

as β-mercaptoethanol could be toxic to consumers.  

BAD_1582 displayed a narrow range of substrate specificity as it was only active on two 

of the chromogenic substrates tested. It cleaves only galactose, and furthermore only β-

linked galactose, as evidenced by the high specific activity of this enzyme to pNPG and 

oNPG, but the absence of activity on α-linked pNP substrates. The enzyme has a strong 

preference for pNPG rather than oNPG. Different β-galactosidases showed different 

activity towards pNPG and oNPG. the four β-galactosidases from Bacillus circulans all 

display higher specific activity to pNPG than oNPG  (Jingyuan et al., 2011).  On the other 

hand, a large number of β-galactosidases displayed higher activity to oNPG than pNPG 

(Wang et al., 2010; Zhang et al., 2013). The presence of distinct flanking motifs in the 

active site of three GH 42 β-galactosidase of B. longum have been shown to affect the 

distinct substrate specificities of these enzymes (Viborg et al., 2014). Hence the structure 

of the active site contributes for the narrow range of substrate specificity of BAD_1582. 

BAD_1582 has a Vmax of 51 μmol min-1mg-1 and a Km of 2.5 mM towards oNPG. 

Nevertheless, as the concentration of oNPG increased, its hydrolysis was correspondingly 

decreased with a Ki of 62 μM. The inhibition of BAD_1582 by oNPG is in accordance 

with the heterodimer GH 2 β-galactosidase isolated from Lactobacillus acidophilus which 

displayed inhibition in the presence of high concentration of oNPG but with a relatively 

high Ki of 31.7 mM (Nguyen et al., 2007). The catalytic efficiency (Kcat/Km) of 
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BAD_1582 towards oNPG was 39.6 s-1mM-1 was lower than other β-galactosidases, for 

instance βgal I and βgal II of B. breve had a (Kcat/Km) 722 ±66 and 543±65 s-1mM-1 

respectively (Arreola et al., 2014a). Besides the soil metagenome derived β-galactosidase 

(ZD410) had a (Kcat/Km) of 226 s-1mM-1 (Wang et al., 2010). The low (Kcat/Km) of 

BAD_1582possibly resulting from the inhibitory effect of oNPG at higher concentration 

presumably due to steric hindrance developed near the active site of the enzyme. 

One of the properties required in industrial enzymes is their tolerance to product 

inhibition. BAD_1582 displayed high tolerance to galactose (Ki=115± 2.7e+8 mM) and 

glucose. A couple of metagenome-derived β-galactosidases which showed higher 

tolerance to galactose with a Ki value of 197±56 mM (Erich et al., 2015) and Ki value of 

238 mM (Zhang et al., 2013) have been reported. On the contrary, the hydrolytic activity 

of some β-galactosidases toward oNPG showed strong inhibition by galactose with low 

Ki, for instance, β-gal I and II of B breve have a Ki of 15 mM and 34 mM for galactose, 

respectively (Arreola et al., 2014c). The β-galactosidase from Aspergillus oryzae has a Ki 

of 25 mM for galactose (Vera et al., 2011).  Having a high Ki for galactose makes 

BAD_1582 an ideal candidate to undertake enzymatic hydrolysis of lactose with less risk 

of product inhibition.  

BAD_1582 can hydrolyse lactose efficiently even though the catalytic efficiency towards 

lactose was lower than oNPG. A couple of GH 2 and GH 42 β-galactosidases isolated 

from Bifidobacterium species and metagenome clones showed a higher catalytic activity 

towards oNPG than lactose (Arreola et al., 2014c; Yi et al., 2011; Zhang et al., 2013). 

There is substantial evidence that lactose  is a natural substrate for some GH1 and GH2 

β-galactosidases (Adam et al., 2004)  while some GH 35 and GH 42 β-galactosidases act 

on different β- linked galactose containing glycosides. B. adolescentis may possess more 

than six β-galactosidases for specialization for different substrates. BAD_1582 did not 

degalactosylate asialofetuin, a glycoprotein with terminal Gal residues.  This suggests that 

intracellular BAD_1582 may act preferentially on lactose and other small β-galactosides 

as a natural substrate but not extracellularly on proteoglycans. Transagalactosylation 

activity of BAD_1582 using lactose as donor and acceptor produced disaccharides and 

GOS with different DP. However, this enzyme did not transfer Gal from pNPG to 

different sugars (such as Glc, Gal, GlcNAc, L-arabinose and fructose) as acceptor. 
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Presumably the acceptor sugars might not interact into the active site of BAD_1582, due 

to steric hindrance created by the active site of this enzyme to discriminate its substrates 

and hence the enzyme could not catalyse the transfer of Gal to these sugars.  

BAD_1582 synthesise GOS at relatively low concentration (234 mM)  compared to 

known  β-galactosidases which require the presence of high concentration of lactose (40% 

w/v, or 1.17 M) to undertake efficient transgalactosylation (Guerrero et al., 2015a; Hsu et 

al., 2007; Oh et al., 2017; Reuter et al., 1999). Hence production cost of GOS using 

BAD_1582 would be less. The ability of this enzyme to synthesis GOS preceding its 

hydrolysis presumably is a feature required for carbon sequestration under physiological 

condition in the human gut. This provides a selective advantage in interspecific 

competition over non-GOS fermenters (commensals) or pathogens. On the other hand if 

synthesized GOS are exported outside of the cell of this bacteria to the gut environment, 

it might enhance cross-feeding of GOS fermenting commensals mainly Bifidobacterium 

species (Turroni et al., 2018). Most of the health benefits of GOS arose from being 

selectively fermented by the beneficial microorganisms such as Bifidobacterium and 

Lactobacilli (Macfarlane et al., 2006). These bacteria in turn protect the host against 

enteric infections, increased mineral absorption, and immune system modulation (Gibson 

2004 ). Moreover, the fermentation products of GOS by these bacteria result in SCFA 

synthesis which have various significance to the host, such as energy transduction in the 

colonocytes, regulate lipid and carbohydrate metabolism and provide energy to kidney, 

muscles and brain (Torres et al., 2010b). 

In the present work, the novel β-galactosidase enzyme from B. adolescentis, BAD_1582, 

was discovered in a human faecal microbiome metagenomic library. Its wide pH stability, 

stability at refrigeration storage conditions and high tolerance for Gal make it a desirable 

enzyme for industrial usage of removing lactose from dairy products. Furthermore, the 

transgalactosylation activity of the enzyme demonstrates the potential for further utility 

of prebiotic manufacture. The successful discovery and expression of a functional β-

galactosidase with valuable properties from a human faecal microbiome metagenomic 

library demonstrates that human in vivo microenvironments are rich and important 

sources of industrially useful enzymes. 
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5.1. Introduction 

Because of the advances in technologies and expansion of biotechnological industries 

there is a growing demand for enzymes which can operate at industrial scale and settings. 

Various industries such as biofuel industries, paper manufacturing industries, detergent 

industries, leather industries, textile industries, food industries, operate at extreme 

conditions of pH and temperature (Satyanarayana et al., 2005). Enzymes which are 

resistant to extremes of pH, temperature, salt concentrations and pressure (extremozymes) 

(Hough and Danson 1999) have been isolated from extremophiles (microorganisms that 

inhabit extreme environments, such as hot springs, deep-sea hydrothermal vents, alkaline 

lakes) for their application in detergent industries, leather industries, pulp and paper 

industries, food and dairy industries (Li et al., 2012; Satyanarayana et al., 2005). 

Functional metagenomics approaches has also been used for identification of 

extremozymes from screening clone libraries of metagenome DNA (Mirete et al., 2016).    

Although nature has been the major source of extremozymes, throughout the years 

research has provided different techniques to enhance the activity and stability of enzymes 

for their application in various industries (Li et al., 2012). These techniques include 

protein engineering, immobilisation, and chemical modification (such as 

phosphorylation) (Silva et al., 2018). In medium engineering, chemical substances are 

incorporated in the operational medium to enhance stability and activity of industrial 

enzymes (Laane 1987). Some of the substances which are used as enzyme stabilisers 

include polyols, saccharides, surfactants, water soluble polymers such as poly vinyl 

alcohol, poly ethylene glycol (PEG), and poly ethylene imine (Balcão and Vila 2015). In 

protein engineering, the genes encoding for the target enzymes are manipulated through 

rational design or by directed evolution to improve the properties of the enzymes (Porter 

et al., 2016). The rational design approach uses computer modelling to predict structure 

and/or functional domains of proteins and uses this model to alter amino acids by site 

directed mutagenesis to obtain desired properties in enzymes. In directed evolution, 

mutant libraries are created by random mutagenesis of the gene encoding the target 

enzyme and screened for desired properties (Jacques et al., 2017).  
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The most widely used chemical modification is crosslinking of enzymes with 

glutaraldehyde (Migneault et al., 2004). Glutaraldehyde is a linear five carbon di-

aldehyde, which is soluble both in water, alcohol and organic solvents. The carbonyl 

group reacts with the amine group of the amino acids in the peptides or proteins generating 

thermally and chemically stable cross links (Migneault et al., 2004). Glutaraldehyde cross 

linking is used together with immobilisation procedures for enhancing the stability of 

enzymes. Pegylation of enzymes is another chemical modification where the peptides or 

proteins are modified by linking one or more methoxy polyethylene glycol chains, 

resulting in increased stability (Veronese 2001).  

One of the primarily used technique to stabilise and enhance the activity of enzymes for 

industrial application is enzyme immobilisation (Mateo et al., 2007). The term 

immobilised enzymes refers to “enzymes confined or restricted in a certain region or 

space with retaining its catalytic activity that can be use used repeatedly or continuously” 

(Katchalski-Katzir 1993). Since enzymes dissolved in a liquid medium are hard to retain 

or recycle, immobilisation of enzymes is the best strategy to circumvent these problem 

and enabled to reuse or recycle enzymes for repeated industrial processes which 

ultimately save excessive cost of enzyme preparation (Kasche 1999). Generally, 

immobilisation procedures result in restriction of enzyme mobility and consequently 

could also result in restriction of diffusion of substrates to the active site, a phenomena 

termed as mass-transfer effects (Kasche 1999). In such cases a reduced catalytic 

efficiency/reaction rate will be exhibited by the immobilised enzyme as compared to the 

soluble/free enzyme.  

Immobilisation techniques can be broadly categorised in to two major classes; carrier 

bound and carrier free immobilisation, each with its own advantages and disadvantages 

(Cao et al., 2003).  In carrier bound immobilisation the enzymes are confined in an 

insoluble carriers for ease of separation and recyclability of the enzymes from the 

operational media (Cao 2005). The interaction between the carrier/ support and enzyme 

dictates the attainment of optimum properties of the enzyme, thus an ideal support should 

consider physical and chemical properties such as resistance to compression, chemical 

stability, pore size, hydrophobic/hydrophilic properties, surface chemistry to match the 
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enzyme surface properties, biodegradability, readily accessible with low cost (Hanefeld 

et al., 2009; Mohamad et al., 2015)  

There are various techniques of immobilising enzymes on carrier matrix including non-

covalent adsorption and deposition, immobilisation using ionic interactions, covalent 

attachment, and entrapment in polymeric gel (Hanefeld et al., 2009). Adsorptions utilises 

the possible interactions between the enzyme and the surface of carrier through weak 

noncovalent interactions such as van der Waals, ionic and hydrogen bonding. Since thee 

interactions are weak the enzyme active site are usually unaltered (Jesionowski et al., 

2014). The first immobilisation was performed in 1916, in which invertase (sucrase) was 

adsorbed on solid support of charcoal and aluminium hydroxide and retained same 

activity with the free enzyme  (Homaei et al., 2013). In non-covalent adsorption, enzymes 

with large hydrophobic surface area bound to the hydrophobic carrier through 

hydrophobic interactions and the interactions are further strengthened by van der Waals 

interaction (Messing 1976). Enzymes with large hydrophilic surface, such as glycosylated 

surfaces bound to a hydrophilic carrier such as celite, cellulose, silica gel, porous glass 

through hydrogen bonding (Datta et al., 2013; Mateo et al., 2007). The advantage of non-

covalent adsorption is that it does not require pre-treatment or chemical modification of 

enzyme and the disadvantage is leakage/desorption of enzyme would happen in aqueous 

media, thus better to use this immobilisation in non-aqueous media catalysis (Hanefeld et 

al., 2009). Most prominent example are immobilisation of lipases on hydrophobic support 

by adsorption, due to the abundance of surface exposed hydrophobic amino acid side 

chains on these enzyme allow hydrophobic interactions (Fernandez-Lafuente et al., 1998).  

In non-covalent deposition, the carrier matrix is immersed in enzyme solution and the 

enzyme is deposited to the carrier through co-precipitation of the carrier and enzymes or 

separation of the aqueous phase via evaporation (Hanefeld et al., 2009).  Immobilisation 

of enzymes through ionic interactions relies on the surface charge of the enzymes mostly 

due to the isoelectric point of surface exposed charged amino acids and pH of the solution. 

Based on the predicted charge of the enzymes, the type of ion exchange carrier matrix 

will be selected, for instance negatively charged matrix will be used for positively charged 

surface enzyme or positively charged carriers for negatively charged enzymes (Cao 2005). 

On the other hand enzymes that contain high amount of imidazole ring or perhaps His-
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tagged enzymes can be immobilised on a carrier matrix containing metal ions, particularly 

Co2+, Ni2+ and Cu2+ (Nahalka et al., 2003).  

Covalent immobilisation of enzymes is among the most widely used technique and  

involves formation of covalent bond between the protein and the carrier, compared to non 

covalent adsorption the covalent linkages provide strongest linkage between the enzyme 

and the carrier  (Cao 2005). Thse linkages usually  involves the reaction between amino 

acid residues on the surface of the protein and functionalities on the carrier, for instance 

the amino group of the enzymes are utilised to make covalent bonding to the aldehyde or 

epoxide functional groups of the carrier (Mateo et al., 2007). The advantage of covalent 

immobilisation is the leaching of enzyme is minimised (Brena et al., 2013). Thus it can 

be applied for both aqueous and non-aqueous medium industrial processes, however the 

disadvantage of this techniques is, and enzymes are chemically modified and might result 

in reduction of activity (Hanefeld et al., 2009).  

The other techniques of carrier-bound immobilisation is entrapment, and refers to 

enzymes enclosed within carrier matrix without chemically modifying the enzyme 

(Trevan 1988). These techniques has been regarded as safe in terms of protection of the 

enzyme from the adverse effects of media, denaturing agents, or chemical modifications 

(Trevan 1988). Most widely used entrapment technique was encapsulation of enzymes in 

solo-gels, porous silica gels, agarose, polyacrylamide gels and calcium alginate, blend of 

gelatine and calcium alginate; by allowing the polymerisation of the gels in the presence 

of the enzyme (Braun et al., 1990; Fadnavis et al., 2003; Tanriseven and Doğan 2002; 

Trevan 1988).  

Carrier free immobilisation doesn’t require the presence of a carrier matrix to immobilise 

enzymes, rather enzymes are crosslinked with a cross linking agent such as glutaraldehyde 

to produce an insoluble cross-linked enzyme crystals (CLECs), cross-linked enzymes 

dissolved enzymes (CLEs), cross-linked enzyme aggregates (CLEAs) (Cao et al., 2003; 

Roessl et al., 2010). CLEs are made by crosslinking enzymes in solution, although it 

enhanced thermal stability of enzymes, CLEs were difficult to handle and displayed poor 

mechanical stability and significant loss of activity (Roessl et al., 2010). The CLECs, are 

characterised by their higher stability in extreme pH, temperature and display efficient 
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catalytic activity in non-aqueous reaction medium compared to CLEs, free enzyme and 

some conventional immobilised enzymes (Sheldon 2007). However the primary 

disadvantage of CLECs is the need for crystallisation of enzymes which is extremely 

laborious and requires high level of enzyme purity (Sheldon 2007). The use of simple 

protein precipitation procedures such as ammonium sulphate precipitation produce 

protein aggregates, cross linking of the protein aggregates result a permanently insoluble 

enzyme called CLEAs (Sheldon 2007). To produce CLEAs first aggregate of enzyme 

proteins  are prepared by changing the surface of the proteins such as hydration of the 

proteins or by precipitation of proteins with salts, organic solvents or ionic polymers, 

thereafter the aggregates formed  are  cross- linked with a cross linking agent (Wang et 

al., 2015).  Despite CLEAs are less costly to prepare than CLECs, CLEAs had some 

disadvantages such as precipitation of enzyme has to be optimised for each enzyme as 

there is no defined protocol that works for all enzymes, moreover CLEAs have mass 

transfer problem which resulted in poor accessibility of macromolecular substrates (such 

as are proteins and polysaccharides) to the aggregates and less catalytic activity (Wang et 

al., 2011a). 

Although there are various immobilisation protocols, there is no one immobilisation 

procedure that’s ideal for every application. Rational combination of different 

immobilisation techniques has improved drawbacks that would result from using a single 

techniques, for instance enzyme leakage in entrapment technique have been overcome by 

crosslinking the enzyme and carrier matrix (Cao 2005).  

β-galactosidases are very important enzymes particularly for production of lactose free 

dairy products, reduction of lactose content of whey and GOS through 

transgalactosylation BAD_1582 has demonstrated efficient hydrolysis of lactose, 

desirable for production of lactose free dairy products or whey and carry out 

transgalactosylation of lactose to produce GOS, which is one of the primary lactose 

derived prebiotics. To utilise this enzyme in industry setting for the industrial applications, 

it is desired to enhance the stability and recyclability of the enzyme which can 

considerably reduce the production cost of enzymes. Because most industrial enzymes 

are immobilised enzymes, immobilisation of BAD_1582 could be the best approach for 
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using this enzyme for industrial application. Herein, BAD_1582 was immobilised by 

entrapment in gelatin and calcium alginate carrier matrix, followed by cross-linking with 

glutaraldehyde and the properties of the immobilised enzyme was characterised.  This 

method was chosen based on a literature survey and had been indicated to enhance the 

stability of enzymes without reduction of activity (Fadnavis et al., 2003). Similarly, 

Freitas and colleagues (Freitas et al., 2012) demonstrated that immobilised β-

galactosidase from Aspergillus oryzae has an enhanced stability compared to free enzyme 

and with minimal enzyme leakage. Enzyme leakage has been reported when enzymes are 

immobilised single-handedly on calcium alginate matrix (Blandino et al., 2001). In 

addition, this immobilisation procedure is cost effective, can be carried out in reasonable 

amount of time, the major constituents of the matrix (gelatin and calcium alginate) are 

non-toxic, can be used in food industry and are  eco-friendly (Tumturk et al., 2008). 

5.2. Preparation of the immobilised Bifidobacterium adolescentis β-galactosidase  

        BAD_1582 and the Aspergillus oryzae β-galactosidase 

The B. adolescentis β-galactosidase BAD_1582 was purified using Ni2+-NTA affinity 

chromatography, as described in Chapter 4. The purity of the enzyme was analysed using 

SDS-PAGE and Coomassie Brilliant Blue staining. The concentration and specific 

activity of the purified protein were quantified. In a similar fashion β-galactosidase from 

Aspergillus oryzae obtained from sigma (8 units/mg solid) were prepared in distilled water 

to obtain an equivalent specific activity as the Ni2+-NTA purified BAD_1582.  

Purified BAD_1582, Aspergillus oryzae β-galactosidase and a control (sterile water) were 

mixed separately with 6.6% sodium alginate and 4.05% gelatin solution.  The enzyme 

solutions in the gelatin and sodium alginate carrier matrix were pumped through 0.85 mm 

peristaltic tubing into an equal volume of 3.64% glutaraldehyde and 0.05% CaCl2. The 

resulting beads of immobilised BAD_1582, Aspergillus β-galactosidase and the control 

were stored for 12 h at 4oC in glutaraldehyde and 0.05% CaCl2 solution to increase 

crosslinking and hardening of the beads. After, the immobilised beads of the 

Bifidobacterium β-galactosidase were washed in 50 mM sodium phosphate buffer (pH 7) 

and stored in the same buffer until used. While the immobilised beads of the Aspergillus 

β-galactosidase were washed in acetate buffer (pH 4.5) and stored in the same buffer at 
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4oC till used. These buffers were selected based on the optimal activity of the enzymes, 

optimal activity of BAD_1582 was obtained in 50 mM sodium phosphate buffer (noted 

in Chapter 4), and while the acetate buffer were used for Aspergillus β-galactosidase based 

on manufacturers recommendations. The control beads were washed with water and 

stored at 4oC. The average size of the beads immediately after immobilisation range 

between ~ 65-75 mg, however a gradual increase in size were observed after wash steps.  

The specific activity of the immobilised enzymes were determined in 50 mM sodium 

phosphate buffer (pH 7) (for BAD_1582) or 50 mM acetate buffer (pH4.5) (for 

Aspergillus β-galactosidase), 2 mM oNPG  and  250 μl of beads (measured by volume 

displacement) to make final volume of 500 μl. The enzymes were incubated at 37oC for 

BAD_1582 and at 30oC for Aspergillus β-galactosidase for 30 min. The temperature and 

pH for BAD_1582 were selected based on its optimal activity obtained in this study 

(Chapter 4) while for the Aspergillus β-galactosidase manufacturer’s instructions were 

followed. After 30 min incubation, the assay was stopped with 500 mM sodium carbonate, 

the amount of oNP released was measured at 420 nm and specific activity of the 

immobilised enzymes were determined. The specific activity of the free enzyme using 

oNPG as substrate was 37 μmol /min/mg while the specific activity of immobilised 

BAD_1582 for oNPG was 57 μmol /min/mg. The specific activity of free and immobilised 

enzyme were also determined using lactose as a substrate, for free enzyme a final reaction 

volume of 100 μl containing 5 mM lactose, in 50 mM sodium phosphate buffer (pH 7), 

enzyme was added to initiate the reaction and incubated at 37oC. For the immobilised 

enzymes, the reaction volume of 500 μl constitute 5 mM lactose and 250 μl immobilised 

beads, in 50 mM sodium phosphate buffer (pH 7) and incubated at 37oC for 30 min. After 

that, the reaction was stopped by heating at 95oC for 5 min and the glucose liberated was 

measured using glucose-oxidase/peroxidase assay kit (described in Chapter 2). The 

specific activity of free BAD_1582 and immobilised BAD_1582 for lactose hydrolysis 

were 38.5 μmol/min/mg and 89.5 μmol/min/mg respectively. The immobilised enzyme 

showed ~57% increase in specific activity compared to the free enzyme when lactose was 

used as a substrate. These indicates the immobilisation not only enhanced stability rather 

it also enhanced its hydrolytic activity towards lactose without limitation of mass transfer. 
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5.3. Reuse of the immobilised BAD_1582 and Aspergillus oryzae β-galactosidase 

After the first activity test, the beads were washed in phosphate buffer or acetate buffer, 

as appropriate, to remove residual oNPG, galactose and oNP, and the activity of the 

immobilised enzymes was measured again in fresh complete β-galactosidase assay 

solution with oNPG as substrate. This was repeated for 12 rounds and the specific activity 

of the beads after each round were measured. Both the BAD_1582 and the Aspergillus β-

galactosidase showed minimal reduction in activity when the first use was compared to 

the successive 12 rounds (from 57 to 42 and from 61 to 46 μmol/min/mg of enzyme added 

respectively) (Fig 5.1 a and b).  Although a linear decline in activity was not detected, the 

activity of the immobilised enzyme showed a slight gradual decrement after 8th round of 

reuse for BAD_1582 and after 9th round for the Aspergillus β-galactosidase. After each 

rounds of reuse the beads gradually grew in size as more water from the wash buffer was 

absorbed in to the inner matrix which eventually led to some of the beads breaking apart 

and compromised the continuation of the activity assay after the 12th round.  Overall, the 

results showed that, the immobilisation procedure using calcium alginate and gelatine 

cross linked with glutaraldehyde enhanced the recyclability of the enzyme for 12 rounds 

of catalysis, which confirm these procedures could potentially be utilised at industrial 

scale for application of BAD_1582 for lactose hydrolysis and GOS synthesis.   
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Fig 5.1 Resuse of immobilised BAD_1582 and Apsergilllus oryzae β-galactosidase. a The 

specific activity of immobilised β-galactosidase from B. adolescentis (BAD_1582) and b 

the immobilised Aspergillus oryzae β-galactosidase determined for for the 12 rounds of 

resuse assay using oNPG as a substrate. The specific activity values represent the mean ± 

Standard deviations of  three indpendent experiments/ from three batches of immobilised 

bead preparations. 

 

b 
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5.4. Effect of pH and temeprature on the activity of free and immobilised β-  

        galactosidase enzyme BAD_1582 

Since most immobilisation procedures change the properties of the enzyme and 

potentially enhance enyzmes stability to industrial operational conditions, such  as wide 

ranges of of pH and temeprature, thus it was necessary to examine the properties of the 

immobilised BAD_1582 by comparing its activity with the free enzyme. To determine 

how  the immobilisation of BAD_1582 affect the property of this enzyme, the activity of 

free and immobilised BAD_1582 were examined on  different pH and temeperature. The 

effect of  pH on the activity of the free and immobilised enzyme were determined in 50 

mM sodium phoshshate buffer adjusted to different pH using oNPG as a substrate as 

described above. The amount of of free enzyme added per assay was 1 μg (for pH activity) 

and 0.1 μg (for pH stability), and for the  immobilised enzyme beads which provide 

equivalent amount enzyme  with the free enzyme were added. The optimum pH for free 

enzyme was pH 7 (in parallel with the data in Chapter 4) and the enzyme only retained 

58% and  52% of its activity at pH 4 and at pH 8.5  respectively, however at pH 10 nearly 

the activity was abolished. On the other hand,  the immobilised enzyme was fully active 

at all the tested pH ranges, and retained 93% and 81% activity at pH 4.5 and pH 10 

respectively  (Fig 5.2a). Therefore,  the immobilisation proceduere enhanced the enzymes 

pH resisitance. Overall the immobilised BAD_1582 showed slightly higer actvity than  

the free enzyme eventhough same amount of enyme was added which confirm the 

immobilisation procedure used didn’t restrict the movement of substrates and buffer in to 

the carrier matrix, which happens in most immobilisation procedure (Fig. 5.2 a and b).  

In the case of pH stability,  the free eznyme and the immobilised enzyme were incubated 

in 50 mM sodium phosphate buffer adjsuted to different pH ranges and incubated for 24 

h at 4oC. The folowing day all the pH were brought to pH 7 and the residual activity of 

the enzyme was assayed in the presence of 2 mM oNPG at 37oC for 30 min.  The residual 

activity of the immobilised enzyme indicated that immobilised BAD _1582 was stable at 

all the tested pH (Fig 5.2b). The free enzyme showed slightly different residual acivity, it 

retained ≥66% of residual activity at acidic pH (pH 4-6.5) and showed very high residual 

activity at alkaline pH ( pH7.5-10) compared to pH 7.  The free enzyme staibility data 
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obtained here was different compared to the stability data obtained in chapter 4, the major 

contibuting factor for this variability could be due to adjustment of sodium phosphate 

buffer at alkaline pH in this occasion could have accumulated a large amount of salt which  

possibly have affected the ionic interactions in the active site and yet unreversed when 

the pH was brough back to pH 7.   

 

 

                      

Fig 5.2 Effect of pH on activity and stability of free and immobilised BAD_1582 a Effect 

of pH on the activity of free (triangles) and immobilised (squares) BAD_1582. b pH 

stability of free (triangles) and immobilised BAD_1582 (squares). Values represent the 

mean of three independent experiments/ three bathes of immobilised beads and error bars 

are calculated from the averages of standard deviation of the three independent 

experiments. 

The effect of temperature on the activity of the immobilised β-galactosidase (BAD_1582) 

enzyme and free β-galactosidase (BAD_1582) was carried out at a temeperature ranges 

of 0-60oC. The highest activity for the immobilised enzyme was detected at 40oC while 

the free enzyme has highest activity at 37oC (Fig 5.3a). The immobilisation shifted the 

maximum temeperature activity toward 40oC and retained 81% of its activty at 50oC but 

showed relativley low at activity between temperature of 0-20oC . The highest activity of 

the free enzyme  was obtained  at 37oC and retained 68% and 41 % of its activty at 40oC 

and 50oC respectively it was  in line with the activty obatined at chapter 4 the enzyme 

a b 
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retained 60%  between 20- 45oC  The free eznyme showed high activity at lower 

temeperatures between 0-20oC (38-92% of activty was retained), this was contrary to the 

data obtained at chapter 4.  

Effect of temeprature stability was determined by measuring the residual activty of the 

free enzyme and immobilised enzyme which were incubated at temperatures of 0-60oC 

for 1 h  and  were brought back to 37oC  and incubated for 30 min. After that, the assay 

was stopped by addition of 500 mM sodium carbonate.The maximum temperature 

stability of both the immobilised and free enzyme was 37oC, yet about 48% and 74% of 

residual activity were retained at 40oC by the free and  immobilised enzyme respectively 

(Fig 5.3b). Both the free enzyme and the immobilised enzyme were unstable at 45oC and 

above,  however ≥ 61%  and ≥ 75% residual activity was reatained at temperature ranges 

of 0-37oC for the free enzyme and immobilised enzyme respectively. The residual activity 

of  the free enzyme was  in line with the data obtained in chapter 4 which retained 65% 

of activity at 40oC (neverthless 37oC stability was not assayed,chapter 4). Overall, the 

immobilisation did not enhance  temperature stability compared to the free enzyme except 

higher residual activty was detected at each temperature.  

 

 

                       

Fig 5.3 Effect of temperature on activity and stability of free and immobilised BAD_1582 

a Effect of temperature on the activity free (triangles) and immobilised (circles) β-

galactosidase (BAD_1582). b Effect of temperature on stability of free (triangles) and 

immobilised enzyme (circles) β-galactosidase (BAD_1582).  The values represent the 

a b 
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mean of three independent experiments (three bathes of beads for immobilised enzyme) 

and the error bars are calculated from the average of the standards deviation of these 

experiments.  

5.5. Kinetic parameter of the immobilised β-galactosidase (BAD_1582) 

The kinetic parameters of the immobilised BAD_1582 was determined in 50 mM sodium 

phosphate buffer at pH 7 using different concentrations of oNPG (0.25-10 mM)  as 

substrate in a time course enzyme assay.  From the progress curve of the time course 

assay, no substrate or product inhibition was observed at the tested concentrations of 

oNPG within the first 18 min (Fig 5.4a). The Km and Vmax of the immobilised enzyme 

towards the oNPG were 0.81± 0.22 mM and 7.4 ± 0.63 μmol/min/mg of enzyme 

respectively as calculated from the linear part of the progress curve (between 0-6 min) of 

the time course assay followed by non-linear regression fit using the Michaelis-Menten 

plot (Fig 5.4b). The immobilisation of the BAD_1582 has improved its tolerance to 

substrate inhibition, which was observed in free enzyme where the hydrolytic activity of 

free BAD_1582 markedly declined at oNPG concentrations higher than 2.5 mM, with Km 

of 2.5 mM and Vmax of 51 μmol/min/mg of enzyme (Chapter 4). The Km of the 

immobilised BAD_1582towards oNPG has reduced three fold compared to the Km of the 

free enzyme for the same substrate, which indicates the immobilisation has increased the 

affinity of the enzyme towards oNPG. Therefore, the immobilisation of the BAD_1582 

have generated a desirable property for industrial application. 
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Fig 5.4 Time course progress curve and non-linear regression fit of immobilised 

BAD_1582 a time course progress curve of the immobilised β-galactosidase, BAD_1582 

monitored at 2 min interval for 18 min, in the presence of different concentrations of 

oNPG (0.25-10 mM). b Non-linear regression fit model of Michaelis-Menten plot for 

determination of the kinetic parameters of immobilised β-galactosidase (BAD_1582).   

 

 

 

 

 

 

 

 

 

 

a 
b 



161 
 

5.5. Discussion 

Immobilised enzymes have long history of success for their application in various 

industries as it enhanced stabilisation and recyclability of enzymes without compromising 

the efficiency of catalysis. In this study, the B. adolescentis β-galactosidase (BAD_1582) 

and the A. oryzae β-galactosidase has been immobilised in calcium alginate and gelatin 

beads in the presence of cross-linking agent glutaraldehyde. The immobilised BAD _1582 

and A. oryzae β-galactosidase maintained 69% and 75% activity respectively after the 12th 

rounds of reuse. On the other hand Freitas and colleagues (Freitas et al., 2012) reported 

that an immobilised Aspergillus oryzae β-galactosidase, using the same procedure 

maintained 80% of initial activity after 25 reuse. Although, in our case we have observed 

that, the washing steps have caused the carrier matrix to absorb more water/buffer which 

ultimately cause the beads to break apart after 12th round, and hence we could not continue 

the reuse assay as it affects the specific activity of the immobilised enzyme. However, the 

A. oryzae β-galactosidase immobilised beads of were slightly stronger and less fragile 

after the 12th round reuse. It was indicated that the pH of the medium dictates the 

mechanical strength of calcium-alginate- gelatin beads. The structure of alginate contains 

(1-4) linked β-D-manuronic acid and α-L-gluronic acid, which explains for their high 

stability at acidic pH and a low stability and degradation at basic pH (Tumturk et al., 

2008). Thus, at industrial scale the immobilised enzyme can work without decreasing 

efficiency at least to12th rounds or more providing that the stringency of the wash steps 

could affect the mechanical shearing of the beads. Overall, a very low leakage of free 

enzyme was attained and hence the immobilisation procedure was efficient and, could be 

applied to industrial application. Enzyme leakage has been reported in cobalt-alginate 

immobilised β-galactosidase, which decreased the activity to 67.5% after first usage, 

while the treatment of these immobilised beads with 1% glutaraldehyde improved the 

relative activity to 83% and enzyme was stable up to 8 rounds of reuse (Mehmetoglu 

1997).  Enzyme leakage in calcium alginate beads are a common phenomenon due to the 

large pore size of the polymer and weak mechanical strength (Tumturk et al., 2008). To 

overcome this, several techniques were developed, among this a blend of gelatine with 

calcium alginate and cross linked with glutaraldehyde provided beads with high 

comprehensive strength which can be reused several times without significant loss of 
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activity via enzyme leakage (Fadnavis et al., 2003). Glutaraldehyde cross links the 

enzyme and gelatine and produces an insoluble structures, besides it stabilises alginate 

gel and hence leakage of enzyme is prevented (Mehmetoglu 1997; Tanriseven and Doğan 

2002).  

The immobilised BAD_1582 were equivalently active at all tested pH (4-10), however 

the free enzyme has an optimal pH of 7 was sensitive at acidic pH (pH 4-4.5) and alkaline 

pH (8.5- 10). Therefore, the immobilisation of this enzyme enhanced its activity to wide 

pH ranges, compared to the free enzyme. Contrary to this, immobilised β-galactosidase 

using calcium alginate-gelatine cross linked with glutaraldehyde did not change the 

optimum pH, but only slightly improved its activity at alkaline pH compared to the free 

enzyme (Tanriseven and Doğan 2002).  Similarly, immobilised glucose isomerase in 

calcium alginate beads cross linked with glutaraldehyde demonstrated same pH optima 

with the free enzyme (pH 7.5), although slightly higher activity at alkaline pH was 

detected by the immobilised enzyme (Tumturk et al., 2008). In line with this, immobilised 

xylanase in calcium alginate beads cross linked with glutaraldehyde have showed similar 

acidic pH optima with the free enzyme, but the immobilised enzymes were on the higher 

side (Bhushan et al., 2015)  

The pH stability, measured by residual activity demonstrated that the immobilised 

enzyme was stable after 24 h incubation at all tested pH ranges (pH 4-10), whereas the 

free enzyme have showed less stability at acidic pH and showed enhanced residual 

activity at alkaline pH. However, these data contradict the stability data obtained in 

Chapter 4, as the free enzyme was stable in all tested pH ranges. The predicted 

contributing factor for this variability could be ionic strength generated during pH 

adjustments which alter the tertiary structure of the enzyme via ionic interactions with 

key charged amino acids in the active site. On the other hand, the residual activity revealed 

that, the immobilised enzyme was active at all tested pH ranges which confirm the 

stability of the immobilised enzymes in all tested pH ranges. Overall the immobilisation 

enhanced the pH stability and activity of this enzyme.  

The immobilised BAD_1582 had optimal temperature at 40oC while the free enzyme had 

optimal temperature at 37oC. The cross linking of the enzyme with gelatin in the presence 
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of glutaraldehyde could have altered the native structure of the enzyme and henceforth 

shifted its optimal temperature. In line with this immobilised β-galactosidase using cobalt-

alginate cross linked with glutaraldehyde had shifted its temperature optima to 60oC, 

which was around 50oC for free enzyme (Mehmetoglu 1997). Both the free and the 

immobilised BAD_1582 had same optimum residual activity at 37oC. The free enzyme 

retained 48% residual activity at 40oC, its activity was completely lost at 45oC, on the 

other hand the immobilised BAD_1582 retained 74% and 18% activity at 40 oC and 45oC 

respectively, which implicate immobilisation increased a slight temeprature tolerance 

compared to the free enzyme.  

The kinetic parameters of the immobilised BAD_1582 revealed that the Km was 0.81± 

0.22 mM, which was three fold lower compared to the free enzyme data, which indicates 

the immobilisation had enhanced the affinity of the enzyme towards the synthetic 

substrate, oNPG. Being a two phase system, immobilised enzymes usually face an 

unavoidable mass transfer problem, which result in decrement of overall catalytic 

performances (Krajewska 2004).  However, it was indicated that some immobilisation 

procedures may decrease the Km of the enzyme, as a result of electrostatic interactions 

between the substrate and the carrier matrix used and diffusion effects (Demirel et al., 

2006). Besides, immobilisation of enzymes enhanced the activity of some enzymes, due 

to a phenomena called microenvironment effect (Cao 2005). For instance, immobilised 

lipase–surfactant complexes entrapped in n-vinyl-2-pyrrolidone gel matrix was 51-fold 

more active than the native enzyme (Goto et al., 2005).  In line with this the specific 

activity of the immobilised BAD_1582 has showed 2.3-fold increase in lactose hydrolysis 

compared to the free enzyme, which also approves the immobilisation enhanced the 

activity of this enzyme. 

In summary, the immobilisation of BAD_1582 in calcium alginate-gelatin beads 

crosslinked with glutaraldehyde shifted the optimal temperature and optimal pH. The 

immobilisation seemingly avoided the mass transfer effect problem of most 

immobilisation procedures. In addition, the immobilisation procedure is simple and less 

costly. Thus, immobilised BAD_1582 using the aforementioned procedure, could suit the 
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operational conditions in industry for production of lactose free dairy products and also 

for manufacture of lactose-based prebiotics.                                             
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The human gut microbiome has been the centre of attention for the past decades (Cho and 

Blaser 2012; Gill et al., 2006). Advances in meta o’mic technologies have revolutionised 

the study of human gut microbiome and expand the centre of research beyond taxonomic 

identification of microbial communities in the GIT to the metabolic networks that exist 

between the host and the microbiome (Cui et al., 2018). Moreover, the availability of 

metagenome datasets have increased significantly in recent years as compared to the 

metagenome data sets available a decade ago. For example, in 2017 1003 reference 

genomes of bacterial and archaeal had been identified through genomic encyclopaedia of 

bacteria and archaea (GEBA) sequencing and phylogenetic identification (Mukherjee et 

al., 2017). These data sets enhanced the availability of reference genomes for the 

identification of unidentified or unclassified taxa. Moreover prediction of metabolic 

networks associated with the host-microbiome interactions which could impact the 

development of various diseases have started to emerge due to such advancements 

(Proctor et al., 2019). In spite of these developments, meta o’mic technologies need to be 

complemented by experimental data such as targeted gene characterisation through 

functional genomics studies. In addition, the predicted function of metabolic networks 

needs in vitro and in vivo confirmation. This PhD study has unveiled the potential of 

human gut environment for identification of GH enzymes through functional screening 

of a human faecal microbiome metagenome library.  

6.1. Functional screening of human faecal microbiome metagenome library for  

        glycoside hydrolase enzymes 

Functional metagenomics has a proven record for the identification and characterisation 

of novel enzymes from uncultured microorganism that reside in various habitats (Heath 

et al., 2009; Ilmberger et al., 2012). Function-based screening of metagenomic libraries 

from soil samples has enabled the identification of various glycoside hydrolase enzymes, 

particularly novel β-galactosidases (Cheng et al., 2017b; Wang et al., 2010; Zhang et al., 

2013). However only a couple of function based screenings of human gut microbiome 

metagenome library has been carried out where the aim is the identification of novel 

CAZymes (Cecchini et al., 2013a; Tasse et al., 2010). These studies revealed enzymes 

involved in prebiotic and dietary polysaccharide metabolism from the human gut 
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microbiome, one particular example was the GOS hydrolysing β-galactosidases, which 

belong to GH 2 and GH 42 and showed significant similarity with enzymes from the  

Bifidobacterium genus (Cecchini et al., 2013a).  

In this PhD study, new strategies to identify glycoside hydrolase enzymes, particularly β-

galactosidases, α-fucosidases and sialidases have been optimised and developed.  The 

approach used was MacConkey base agar supplemented with different sugars including 

lactose and different HMOs (2’-FL, 3’-SL and 6’-SL) which were used for identification 

of metagenome clones expressing β-galactosidases, α-fucosidases and sialidases 

respectively. Although sialidase and α-fucosidase expressing clones were not identified 

from our metagenome library, with these screening strategies it was possible to identify a 

previously uncharacterised β-galactosidase (BAD_1582), from B. adolescentis.  

Given that the metagenome library was dominated by Actinobacteria at the phylum level 

(discussed in Chapter 3), the absence of α-fucosidase and sialidase expressing 

metagenome clones from our metagenome library could be attributed to the low 

abundance of the Bifidobacterium species which are adapted in utilisation of HMOs and 

host mucin glycan degradation such as B. bifdum and B. longum subsp. infantis. The latter 

two Bifidobacterium species encode a repertoire of CAZymes which are active in mucin 

glycan degradation and utilisation of HMOs such as sialidases, α-fucosidases, and 

hexosaminidases, α –mannosidases and lacto-N-biosidase activities (Milani et al., 2015a). 

In vitro growth studies using HMOs as a sole carbon source has indicated that B. longum 

subsp. infantis expresses two β-galactosidases (Bga42A and Bga2A) which are active in 

metabolism of  type-1 (Galβ1-3GlcNAc) and type-2 (Galβ1-4GlcNAc) isomers  of HMOs 

(Yoshida et al., 2012).  Thus, function-based screening for α-fucosidases and sialidases 

should be carried out with growth dependent approach using HMOs as sole carbon source 

thereby the expression of these genes could be induced to metabolise HMOs.  Besides, it 

is important to consider the use of different expression hosts other than E. coli, as the 

absence of expression machinery and /or secretory systems in the heterologous host could 

compromise the identification of extracellular enzymes (Fakruddin et al., 2013; Rosano 

and Ceccarelli 2014).  
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On the other hand, the metagenome library we used for this study was dominated by B. 

adolescentis which accounted for (~60%) of the sequenced clones. The glycobiome of 18 

sequenced B. adolescentis strains have revealed that, this species encodes a repertoire of 

CAZymes which comprised  36 glycoside hydrolases (GH), 12 glycosyl transferases (GT) 

and 4 carbohydrate esterases (CE) particularly active in uptake and utilisation of plant 

derived polysaccharides, such as starch, amylose, maltodextrin, pullulan etc. (Duranti et 

al., 2016). In all of the 18 species, the GH 13 families which include range of activities 

(α-amylase, pullullanase, cyclomaltodextrin glucanotransferase, cyclomaltodextrinase, α-

glucosidase etc.) (Lombard et al., 2014a) was represented by high frequency. On the other 

hand in silico analysis of the 18 species uncovered that GH families which belong to GH 

10 (endo-1, 4-β-xylanase), GH 29 (α-L-fucosidase and α-1,3/1,4-L-fucosidase)  and GH 

59 (β-galactosidase and galactocerebrosidase) were represented only by a single strain of 

B. adolescentis species namely, B. adolescentis 703B, B. adolescentis AD2-8 and B. 

adolescentis 70B respectively (Duranti et al., 2016). The apparent absence of sialidases 

(GH 33) and α-L-fucosidases (GH 29 and GH 95) from most B. adolescentis strains which 

predominantly obtained in the metagenome library, was in line with this analysis. Thus, 

for future research focusing on isolation of α-fucosidases and sialidases from human gut 

microbiome, the following considerations should be taken: screening of metagenome 

libraries could be done on agar-based media containing mucin as a sole carbon source to 

induce the expression of the genes responsible for mucin glycan hydrolysis. For instance 

transcriptome analysis of B. bifidum PRL2010, isolated from infant stool, that was grown 

in mucin containing media had induced the expression of genes responsible for utilization 

of host derived mucin glycans, such as exo-α-sialidases, 1,2-α-L-fucosidase and 1,3/4-α-

L-fucosidase, extracellular enzymes α-L-arabinofuranosidase and α-1,3-galactosidase 

(Turroni et al., 2010). Secondly, having amplicon and whole genome sequence data of 

the metagenome DNA before construction of the metagenome library would provide 

knowledge on the extent of microbial diversity in the library. The more diverse the 

metagenome library the greater the chance of discovering novel sequences and novel 

functions. However, the function-based approach has also its own draw backs (discussed 

in chapter 4). Therefore, it is best to use both sequence based and function-based 
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approaches for the identification of the target genes as the approaches complement each 

other.  

The glycobiome of the 18 B. adolescentis strains revealed that all strains constitute 

abundant number of β-galactosidases which belong to GH 2 and GH 42 families (Duranti 

et al., 2016). Of the six or more β-galactosidases encoded by B. adolescentis, BAD_1582 

was predominantly identified in this study from the function-based screening of the 

human faecal microbiome metagenome library. There are possible reasons for this, first 

of all, the promoter region of some of these β-galactosidases may not have been 

incorporated in the metagenome clones and hence the RNA polymerase of E. coli could 

not bind which would hamper expression and hence they were not identified. In addition, 

E. coli may not have specific molecular chaperones to enhance the correct folding of 

specific proteins from B. adolescentis, thus other β-galactosidases were unable to fold 

correctly and hence were not functional thus were not identified in function-based 

screening. The bioinformatics analysis using CDD, Pfam, of the protein sequence of 

BAD_1582, revealed that BAD_1582 belongs to the GH 2 enzyme families. Different 

reports showed that, lactose is presumably the natural substrate for most GH 2 β-

galactosidases rather than other terminally attached Gal constituting β-galactosides 

(Husain 2010; Rodriguez-Colinas et al., 2011). On the contrary, the GH 42 family act on 

wide range of substrates, for instance  β-gal II of B. adolescentis hydrolyse Gal(β1–4)Gal 

and Gal(β1–4)Gal-containing oligosaccharides;  with low activity towards Gal(β1–3)Gal, 

lactose, and Gal(β1–3)GalOMe (Hinz et al., 2004). β-galactosidases have been widely 

used in food industries for their ability to hydrolyse lactose and for their 

transgalactosylation activity, allowing lactose-based prebiotics including GOS could be 

produced. β-galactosidases isolated from bacterial and yeast are mostly intracellular 

enzymes while fungal β-galactosidases are extracellular (Selvarajan and 

Mohanasrinivasan 2015). The PSORTb prediction, revealed that BAD_1582 is predicted 

to be an intracellular enzyme. In addition, the other five β-galactoisdases encoded by B. 

adolescentis (BAD_RS06400/1211, BAD_RS07395/1401, BAD_RS07400/1402 and 

BAD_RS08435/1603, BAD_RS08455/1605) are predicted to be intracellular. Whereas, 

the localization score of BAD_RS08060/1534 is as yet unknown. The intracellular 

enzymes have access to various glycans through sugar transporting permeases, for 
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instance the LacS symporter, a galactoside-pentose-hexuronide permease transports 

lactose and cations simultaneously using the potential energy generated by 

electrochemical gradients of cations (Akiyama et al., 2015). The expression of this 

permease has been increased in B. adolescentis grown in the presence of GOS, 

presumably the bacterium uses this permease for uptake of one or more components of 

GOS (Akiyama et al., 2015). 

6.2. Biochemical properties, substrate specificity and kinetic parameter of  

         BAD_1582 

Enzymes are efficient bio catalysts and have been widely used in various industries such 

as baking, brewing, detergents, pharmaceuticals, leather processing, paper and pulp 

industries, biofuel production etc. (Singh et al., 2016).  The use of enzymes for industrial 

purpose have been widely researched, because enzymes offer several advantages such as 

they operate under mild operational conditions, have extreme product selectivity, low 

physiological toxicity and are eco-friendly (Chapman et al., 2018).  

Thus, purification of BAD_1582 were conducted on the cell lysate of expression clone. 

BAD_1582 had a wide range of pH stability (pH 4-10) while it had an optimal activity at 

pH 7, and had optimal temperature at 37oC and was stable up to 40oC, which correlates 

to the adaptation of the B. adolescentis under human physiological condition in the GIT 

environment. An interesting feature of this enzyme was its storage temperature stability, 

although its activity declined at lower temperatures, its activity was unaltered after six 

weeks storage at 4oC in a buffer without addition of cryoprotectant such glycerol. Hence, 

the stability of this enzyme at 4oC, would decrease the continuous production cost for 

industrial application, providing that the proper storage and handling procedures are 

followed.  

BAD_1582 has a requirement for divalent cations particularly Mg2+ (74%) and Ca2+ 

(41%), which was confirmed by the decline of its activity by EDTA (74%), a chelating 

agent which chelates divalent metal ions bound to the enzyme active site. Structural 

prediction of amino acid sequences of BAD_1582 from Pfam indicate this enzyme as a 

GH2 family enzyme containing TIM barrel domain (which is a catalytic domain, with 
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catalytic residues). Most GH2 enzymes harbour the catalytic nucleophile/base and 

catalytic proton donor amino acid, Glutamic acid (E.461/ E.537) in their active site which 

was demonstrated for an E. coli β-galactosidase (Cupples et al., 1990; Gebler et al., 1992).  

Presumably BAD_1582 could also use either of the glutamic acid residues as a 

nucleophile, because of the conserved sequences of GH2 families. Most GH2 β-

galactosidases have a requirement for Mg2+, as the binding of this cation in the active site 

assists to appropriately place acidic /basic residues in the active site. Furthermore, 

homodimer structural predictions using SWISS MODEL showed that (Proline, P.947), 

(Leucine, L.992), (Glutamic acid, E.993), and (alanine, A.995) bind K+.  The second 

model prediction showed (Glutamic acid, E. 430 and E.483), and (Histidine, H.432) can 

bind Mg2+. Many GH2 β-galactosidases, that require Mg2+ have been reported, in contrast 

a GH 35 β-galactosidase that was inhibited in the presence of Mg2+ at concentrations of 

2 mM has also been reported (Guo et al., 2018).  Divalent cations could be required for 

either stability of β-galactosidase enzymes or for catalysis.   

Having high activity in the presence of Ca2+, could be a desirable property of β-

galactosidase enzymes for dairy industry application to hydrolyse lactose, as cow milk 

comprises high concentrations of Ca2+ (107-133 mg per 100 g) the enzyme benefit of 

using the Ca2+ ions reduces the cost of addition of exogenous cofactors in the bioreactors.  

The biochemical properties of BAD_1582 have been examined using oNPG as a 

substrate, however the hydrolytic activity and transgalactosylation activity of BAD_1582 

were further characterised using lactose as a substrate. BAD_1582, as a member of the 

GH2 families, displayed an efficient catalytic activity towards lactose and synthetic 

substrate oNPG. Besides, the substrate specificity of the enzyme also revealed that it has 

a very narrow range of substrates, primarily targeting β-inked galactose residues including 

oNPG and pNPG. However, the enzyme has barely any activity on other tested 

chromogenic substrates with α and β-linkages, and no activity was detected on 

asialofetuin which constitute one Gal (β1–4) Mannose and two Gal (β1–2) Mannose. In 

contrast, the β-gal II enzyme from B. adolescentis was able to hydrolyse Gal (β1–4)Gal 

and Gal (β1–3) Gal  into Gal, but not act on Gal(β1–6)Gal (Hinz et al., 2004). Three GH2 

β-galactosidases from B. bifidum (BIF1, BIF2  and BIF3) and  single GH 42 β-
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galactosidases from B. infantis (INF1)  also showed a narrow range substrate specificity 

where all demonstrate hydrolysis of oNPG but exhibited less than 10% activity to other 

chromogenic substrates such as oNP- β -D-glucose, oNP- β -D-xylose, oNP- β -D-fucose, 

and oNP- β -D-galactose-6-phosphate (Moller et al., 2001). 

BAD_1582 has a very low Km for lactose (3.8 ±2.0) as compared to other GH2 β-

galactosidase from Bifidobacterium species such as Bgal I and II of B. breve which had 

15.3  ± 3.2  and 7.5±0.9 (mM ) respectively (Arreola et al., 2014c). In addition, the novel 

β-galactosidase, galA obtained from human isolate B. breve B24 has Km of 95.58 mM for 

lactose (Yi et al., 2011). The low Km for BAD_1582 indicates that this enzyme has high 

affinity for lactose and could hydrolyse lactose with greater efficiency than the other 

enzymes which have high Km.  This is desirable feature in terms of dairy industry 

application. In addition, BAD_1582 demonstrated less product inhibition with galactose 

and showed high tolerance to glucose. Kinetically the Ki for galactose was 115 mM which 

is higher than commercially available β-galactosidase from A. oryzae with Ki of 25 mM, 

thus BAD_1582 could be suitable for treatment of milk and produce lactose-free dairy 

products with less product inhibition.  

BAD_1582 immobilised using calcium alginate and gelatin blend crosslinked with 

glutaraldehyde can be reused without significant loss of activity for 12 rounds and showed 

compression strength. Similarly, these procedures have been implicated to minimise 

leakage of enzymes, which result from porosity of calcium alginate immobilisation. The 

immobilised enzyme improved the temperature and pH optima of the enzyme. The 

immobilised BAD_1582 has a temperature optimum at 40oC. The immobilised 

BAD_1582 was active at all tested pHs, thus immobilisation enhanced its pH resistance 

both at acidic and alkaline pH. Thus, this immobilisation procedure, being simple and 

non-toxic, could be applied for industrial scale production of lactose free dairy products 

and GOS manufacture.  

Although immobilisation is a way of improving the properties of enzymes as it indicated 

in Chapter 5, BAD_1582 exhibited better pH stability than the native enzyme. The 

properties of this enzyme could further be improved using protein engineering. Some of 

desirable properties include enhancing the catalytic efficiency of the enzyme, as high 
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efficiency could be required in industrial setting. Sequence based rational enzyme design 

provided a platform to modify the properties of enzyme, for instance a mutation of  

Cys176Tyr of haloalkane dehalogenase (DhaA) which act on 1,2,3-Trichloropropane 

(TCP) modified the protein access and export routes without directly affecting the active 

site and  enhanced three fold conversion of substrate compared to the native enzyme 

(Banáš et al., 2006).  The catalytic efficiency of BAD_1582 could be improved with 

directed evolution methodologies. In addition, since natural milk contains different 

enzymes and at least some resident bacteria, that produce proteases which can act on this 

enzyme, a mutation which can provide protease resistance could be a desirable feature for 

dairy industry application of BAD_1582. 

Currently the β-Galactosidases that are used in the dairy industry for GOS synthesis come 

from the bacterium Bacillus circulans, the yeast Kluveromyces lactis and the fungus 

Aspergillus oryzae. These enzymes are selected because of their high hydrolysis and high 

transgalactosylation activity that produce different ranges of product with a variety of 

degree of polymerisation (DP) and linkages (Neri et al., 2009; Warmerdam et al., 2014; 

Zhou and Dong Chen 2001). 

The purified A. oryzae β-Galactosidase had an optimum pH of 5.0 and an optimum 

temperature of 50°C. The pH stability of this enzyme range between 3.5 and 8.0, at room 

temperature for overnight. The Km of this enzyme was 0.77 mM and 50 mM for oNPG 

and lactose respectively. The Vmax of this enzyme were 55.6 μg/min/mg and 2.4 

μg/min/mg of protein for oNPG and for lactose respectively. The activity of the enzyme 

was not affected in the presence of metal ions (in the range 0.01‐l mM) and sulfhydryl 

reagent (0.01–0.1 mM of p‐chloromercuribenzoate). However, the activity of this enzyme 

was inhibited competitively by galactose but it was not inhibited by glucose (Park et al., 

1979). Transgalactosylation activity of this enzyme (Enzeco® fungal lactase) was favored 

at 40% (w/w) initial lactose at pH 4.5 and 40oC. This enzyme was inhibited by lactose 

with a Ki of 25 mM and had a Km of 93.8 mM for lactose, which is a disadvantage (Vera 

et al., 2011). 

The purified K. lactis β-galactosidase, had and optimum pH of 7. This enzyme had an 

optimal activity at 37oC and 40oC for oNPG and lactose respectively.  The Km and Vmax 



174 
 

values of the purified enzyme for oNPG were 1.5 mM and 560 µmol/min/mg, and for 

lactose 20 mM and 570 µmol/min/mg. The purified enzyme required Mn2+ for activity 

and was inactivated irreversibly by imidazole above 50 mM respectively (Kim et al., 

2003). The GOS yield using the two soluble enzymes K. lactis (Lactozym 3000 LHPG 

and Maxilact LGX5000) in the presence of 400 gl-1 lactose  at pH 6.8 and 40◦C were, 160 

gl-1  and 154 gl-1 respectively (Rodriguez-Colinas et al., 2011). 

The commercial β-galactosidase of B. circulans (Biolacta N5) has four isoforms (β-Gal-

A, B, C and D) with molecular weights of 189, 154, 135, and 92 kDa respectively 

(Warmerdam et al., 2014). β-Gal-A has a low transgalactosylation activity while β-Gal-

B, β-Gal-c and β-Gal-D produce high amounts of tri- and tetra saccharides. A commercial 

product comprising all the isoforms of B. circulans β-galactosidases (Biocon NTL 3000) 

had an optimal pH 6.0 and 60oC, this enzyme showed a lower Km values (~15 mM) to 

lactose compared to A. oryzae (Enzeco® fungal lactase ) (122 mM) and K. lactis 

(Lactozym) β-galactosidases (90 mM) owing to the advantages of having the four 

isoforms together. However, three of the most widely used β-galactosidases favor 

transgalactosylation over hydrolysis when the initial lactose concentration was 40% w/w 

lactose (Guerrero et al., 2015a).  

BAD_1582 demonstrated some desirable properties such as having a low Km (3.8 mM) 

for lactose and having a high Ki (115 mM) for galactose make it a very good candidate 

for commercial application. 

6.3. Transgalactosylation activity of BAD_1582 

β-galactosidases have the ability to undertake transgalactosylation reactions in which they 

transfer Gal moiety to another acceptor sugar molecule. β-galactosidases have received 

much attention for their transgalactosylation activity for the production of prebiotics to 

modulate the gut microbiota (Liu et al., 2017a; Perdijk et al., 2019; Van den Broek et al., 

2005). The type of linkages and the DP of oligosaccharides produced by β-galactosidases 

varies depending on the source of parental strain and reaction kinetics (Iqbal et al., 2010). 

GOS is considered as a novel food and fall within the novel food regulation in EFSA and 

Food Safety Authority Ireland (FSAI). Thus GOS have been on the market in EU mainly 
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infant formula and food supplements. GOS, having a resistance to digestive enzymes has 

allowed their availability in the distal GIT for microbial fermentation (Sako et al., 1999). 

Several studies have indicated that the supplementation of infant formula with GOS 

improved stool consistency and frequency, increased faecal Bifidobacterium and 

Lactobacilli and the GOS fermentation by these probiotics strains are accompanied by 

acetate and lactate production which results in a drop of the faecal pH, similar to that of 

human milk fed infants (Ben et al., 2008). However, the effect of GOS on the selective 

growth of Bifidobacterium and Lactobacilli is strain dependent. Recent studies showed 

that variation of different strains of Bifidobacterium and Lactobacilli in utilisation of 

different commercial GOS, for instance B. longum BB536 (BL_BB536) and L.  

fermentum CECT5716 (LF_5716) were capable of utilizing Purimune GOS (GOS-PP) 

(GTC Nutrition, Golden, Colorado, USA) but not Vivinal GOS (GOS-VP) (Friesland 

Campina Domo, Amersfoort, Netherlands) which implicates the type of linkages in some 

GOS preparation could not be fermented by some probiotics (Thongaram et al., 2017b).  

Growth studies on commercial GOS (Purimune GOS, GTC Nutrition, Golden Colorado, 

USA) conducted on twenty two strains of B. longum subsp. infantis, with the exception 

of one strain (SC97) all strains showed from moderate to vigorous growth, furthermore, 

the TLC analysis confirm that these strains metabolised all the monosaccharides and 

depletion of DP3 GOS was detected, which was in correlation with high OD 600nm by the 

metabolising strains (Garrido et al., 2013). In line with this,  B. longum subsp. infantis 

ATCC 15697 that was grown on GOS containing media has induced two genes that 

encode solute binding proteins (SBPs), which are families of ABC transporters (Garrido 

et al., 2011), presumably required for transportation of GOS to the cytosol. Recent studies 

on human intervention using FOS and GOS on 35 volunteer young healthy human 

subjects (10 male and 25 female) revealed that supplementation of these prebiotics on the 

first 14 days didn’t change BMI, or body weight gain or loss, however composition of the 

gut microbiota was significantly altered after the intervention  with these two prebiotics. 

FOS intervention was accompanied by an increase in Bifidobacterium and a reduction in 

Phascolarctobacterium, Enterobacter, Turicibacter, Coprococcus and Salmonella; 

similarly after GOS intervention the abundance of Bifidobacterium was high and lower 

level of Ruminococcus, Dehalobacterium, Synergistes and Holdemania (Liu et al., 
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2017a). These data revealed an increase Bifidobacterium was accompanied by a decrease 

in butyrate producing bacteria and decrease in faecal SCFA which refutes the other reports 

which revealed prebiotic supplementations increase SCFA production (Perdijk et al., 

2019).  For future research, the GOS synthesised using BAD_1582 could be further 

purified and tested in vitro for its prebiotic properties.  The growth of different probiotics 

(such as Bifidobacterium and Lactobacilli species) will be conducted with the strain and 

species specific growth medium and condition (can be obtained from the source of the 

strain, such as DSMZ) supplemented with GOS (synthesised using BAD_1582) as a sole 

carbon source. Then OD 600nm of the strains would be compared to a control (medium 

supplemented with glucose). Furthermore, comparative studies could be carried out on 

animal models such as mice/rats fed with purified GOS and placebo fed mice/rats could 

be characterised by sequencing of faecal DNA samples, to determine variation in 

microbial composition resulting from GOS supplemented diet. β-galactosidases that have 

retaining capacity have received attention for their transgalactosylation activity and 

ability to produce prebiotics which have shown in vitro and in vivo experimental evidence 

for modulation of the gut microbiota (Liu et al., 2017a; Perdijk et al., 2019; Van den 

Broek et al., 2005). However, not all β-galactosidases from Bifidobacterium are able to 

carry out transgalactosylation, for instance β-gal II (GH 42) of B. adolescentis ATCC 

15703 had a very low transgalactosylation activity (Hinz et al., 2004).  The 

transgalactosylation activity of BAD_1582 has been determined using 8% (234 mM) 

lactose as a substrate. This enzyme readily undertook transgalactosylation activity at low 

concentration of lactose (8%) unlike most known β-galactosidases that require a 

substantial quantity of lactose (≥1M) for the transgalactosylation reaction. Most 

commercially available β-galactosidases from the yeast K. lactis and the fungi A. oryzae 

undertook transgalactosylation at 40% lactose (Vera et al., 2011; Yin et al., 2017).  The 

lactose content of natural bovine milk is 5% (W/V) and synthesis of GOS during natural 

milk treatment using commercial β-galactosidases was negligible (Rodriguez-Colinas et 

al., 2014), presumably because transgalactosylation is favoured by these enzymes when 

lactose content is as high as 15-40% (W/V). Complete solubility of lactose at higher 

concentrations is not possible at room temperature (20oC) and hence heating to 80-90oC 

is required to enhance solubility of lactose (≥20% W/V) in buffer (Hunziker and Nissen 



177 
 

1926). Moreover, as BAD_1582 β-galactosidase require less initial substrate to carryout 

transgalactosylation, its application will be eco-friendly in terms of saving energy and 

cost in production of GOS, as compared to the commercial enzymes.   

Kinetically the transgalactosylation activity precedes the hydrolytic activity of these 

enzyme, when lactose was used as a substrate. This can be translated to the role of this 

enzyme to the adaptation of B. adolescentis in the competitive human GIT.  Dairy 

products including milk, yoghurt and whey constitute substantial dietary component in 

the western type diet, hence as an adult the undigested lactose would reach the human 

GIT unaltered where it can serve as carbon source for the commensal microbiota. The 

ability of B. adolescentis to immediately convert lactose into GOS rather than hydrolysing 

it, could be a metabolic adaptation to conserve carbon for particular cross feeding of 

Bifidobacterium species in the GIT, and at the same time outcompete other pathogens, 

which lack the repertoire of enzymes to breakdown complex oligosaccharides such as 

GOS. TLC and HPLC analysis of the transgalactosylation products of BAD_1582 

revealed that disaccharides with different linkages and GOS with different DP and 

linkages were produced, nevertheless the type of linkages were not characterised in this 

study. By comparing the elution time of the corresponding standard sugars and standard 

GOS, the BAD_1582 transgalactosylation products, were characterised. It is presumed 

that, BAD_1582 produces a mixture of GOS including disaccharides, tri, and tetra and 

pentasaccharides. The synthesis of the disaccharide (presumably, allolactose) at first 

could possibly indicate, the bacteria uses this product for regulation of gene expression in 

lactose metabolism, in similar fashion to lac operon of E. coli (Wheatley et al., 2013).  

Several β-galactosidases from Bifidobacterium origin have been indicated to carry out 

transgalactosylation activity, and produce GOS, for instance the human isolate B. breve 

undertook transgalactosylation reaction in the presence of lactose at conc. of (100-1000 

mM), maximum GOS production obtained at 1M of lactose (Yi et al., 2011). Three GH2 

β-galactosidases from B. bifidum (BIF1, BIF2 and BIF3) and single GH 42 β-

galactosidases from B. infantis (INF1) have demonstrated transgalactosylation activity in 

the presence of 400 mM lactose and produce different GOS mixtures, with higher activity 

detected by BIF1 and BIF2 (Moller et al., 2001).  In addition the four β-galactosidases 

BbgI, BbgII, BbgIII and BbgIV isolated from B. bifdum NCIMB41171, showed 
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transgalactosylation activity using lactose (30-40%) as a substrate, higher activity 

detected using BbgI and BbgIV with 42% to 47% GOS yields respectively (Goulas et al., 

2009). 

The transgalactosylation activity of BAD_1582 could be further tested for synthesis of   

hydroquinone- galactosides (HQ-Gal). HQ-Gal have received considerable attention in 

the cosmetic industry as a skin whitening agent. BAD_1582 could be tested for 

transgalactosylation based synthesis of HQ-Gal by using lactose as Gal donor and 

hydroquinone as an acceptor. If the transgalactosylation reaction produces HQ-Gal, using 

TLC transgalactosylation products would be first analysed, which can be further 

confirmed using HPLC. Although, BAD_1582 looks to undertook transgalactosylation 

reaction only in the presence of lactose as donor and acceptor, however it was not tested 

on hydroquinone which is a completely different substrate. The HQ-Gal produced could 

first be purified and its cell viability, inhibitory effect on tyrosinase enzyme and its 

inhibitory effect on synthesis of melanin on melanoma cells could be studied in vitro. 

Tyrosinase is the enzyme that catalyses the rate limiting step in melanin synthesis, thus 

most skin whitening industries look for agents that inhibit this enzyme (Pillaiyar et al., 

2017).  The most widely used skin whitening agents which target tyrosinase inhibitors 

include hydroquinone (HQ), arbutin, kojic acid, azelaic acid, L-ascorbic acid, ellagic acid, 

tranexamic acid each with some known side effects (Pillaiyar et al., 2017). Although 

regulatory bodies such as FDA has placed a concern and has proposed to ban the use of 

some of these skin whitening agent, particularly HQ containing products, because of their 

unprecedented side effect on the customers (Levitt 2007).  Nevertheless, HQ containing 

skin whitening agents which exceed the limit of FDA regulation have been on the market 

(https://www.fda.gov/cosmetics/cosmetics-laws-regulations/prohibited-restricted-

ingredients-cosmetics) mostly in  sub-Saharan west Africa and ethnic shops in Canada 

(Gbetoh and Amyot 2016).  To be on the market all FDA limits should be respected, and 

all the ethical and efficacy issues should be fulfilled for topical usage by humans.  

Although the TLC and HPLC analysis indicated that BAD_1582 synthesises GOS with a 

range of DPs, further characterisation to determine the type of linkages, DP and structure 

of the GOS should be determined using nuclear magnetic resonance (NMR) studies. 
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Despite this, we have studied a range of substrates as galactosyl donor and acceptor to 

synthesise different lactose based oligosaccharides (such as using pNPG as Gal donor; 

Glc, Gal, Lac, GlcNAC, arabinose and fructose as Gal acceptor or in the second scheme, 

Lac as Gal donor and acceptor and in the third scheme Lac as Gal donor, Fucose and sialic 

acid acceptor). Only the second scheme where Lac was used both as a donor and acceptor 

of galactosyl moiety was successful in production of GOS. Thus, it’s highly 

recommended to optimise variety of monosaccharides and disaccharides to enhance 

synthesis of lactose derived oligosaccharides. If synthesis of oligosaccharides is 

successful, High Performance Anion Exchange Chromatography with Pulsed 

Amperometric Detection (HPAE-PAD) analysis should be carried out to determine the 

monosaccharide composition of the GOS; further characterisation using NMR should be 

carried out to determine the linkage and structure of the individual oligosaccharide 

components. Furthermore, the prebiotic properties of these oligosaccharides could be 

examined using in vitro growth studies by culturing different probiotics strains 

(Bifidobacterium and Lactobacillus spp.) in the presence of these oligosaccharides as sole 

carbon source. Moreover HPAE-PAD analysis should be carried out on post fermentation 

broths to determine utilisation of GOS by the probiotic strains. 

Commercially available GOS are also synthesised through enzymatic transgalactosylation 

of lactose. For instance the novasep passion and smart processes 

(https://www.novasep.com/home/about-novasep.html) produce GOS after enzymatic 

conversion of lactose, which result in mixtures of oligosaccharides with different DP and 

monosaccharides. This is followed by initial purification using Applexion® ion 

exchange technology, to obtain pre-purified GOS. Subsequently, further purification 

using Novasep’s Applexion® SSMB (Sequential Simulated Moving Bed) and fine tuning 

with evaporation and spray drying, premium grade GOS-97 is produced. Therefore, for 

commercial scale production of GOS using BAD_1582 for different applications such as 

infant formula production or as prebiotic supplement, the purification techniques to 

increase the purity of GOS need optimisation. To enhance the transgalactosylation 

activity of BAD_1582 and increase yield of GOS, perhaps it’s important to optimise the 

GOS yield by increasing the initial concentrations of lactose used in the reactions to higher 

concentrations 40% (W/V), although preliminary work was carried out but insolubility of 

https://www.novasep.com/home/about-novasep.html
https://www.novasep.com/technologies/ion-exchange-and-adsorption-technologies-for-large-scale-bio-industrial-applications.html
https://www.novasep.com/technologies/ion-exchange-and-adsorption-technologies-for-large-scale-bio-industrial-applications.html
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lactose at room temperature was observed and at temperatures higher than 37oC where 

lactose solubility enhanced the enzyme was unstable.  

The β-galactosidase BAD_1582 has a transgalactosylation activity using lactose as a 

substrate. In the first 4h of reaction kinetics, this enzyme favours transgalactosylation 

activity over hydrolysis of lactose, presumably an evolutionary adaptation by this bacteria 

to contain carbon sources for future use in the competitive gut environment.   

Protein engineering methods such as sequence based rational redesign and machine 

learning algorithms (Lutz and Iamurri 2018), could be implemented to enhance the 

substrates specificity of BAD_1582. The transgalactosylation activity of this enzyme is 

an important property to synthesise various oligosaccharides that exhibit prebiotic 

properties. Improving the substrate specificity of this enzyme in such a way that it can 

bind various acceptor monosaccharides (such fucose/sialic acid as an acceptor) could 

enable to synthesise HMOs and various lactose-based prebiotics such as lactulose from 

using Lactose as Gal donor. Studies have shown that enzyme engineering using random 

or site directed mutations on glycosidases has significantly enhanced the 

transglycosylation activity over hydrolysis activity (Arab-Jaziri et al., 2015; Feng et al., 

2005). Moreover enzyme engineering to enhance the transgalactosylation activity of 

BAD_1582 over hydrolysis could be possible. 

6.4. Biological role of BAD_1582 to B. adolescentis 

Bifidobacterium species are among the dominant members of the human gut microbiome 

of breast fed infants. A key to their success is they have the ability to utilise wide arrays 

of carbohydrates. Among the six β-galactosidase enzymes encoded by the genome of B. 

adolescentis, BAD_1582 is one of them. This enzyme is ~117 kDa and is predicted to be 

intracellular. This enzyme had a transgalactosylation activity and produced disaccharides 

and GOS with different DP. It can efficiently hydrolyse lactose and GOS (Fig.17e). Thus, 

the role of this enzyme for the B. adolescentis is to utilise lactose and lactose derived GOS 

in the human gut environment. In addition, the transgalactosylation activity of BAD_1582 

was favoured over hydrolysis even at a low concentration of lactose (~8%), while most 

β-galactosidase favour transgalactosylation when initial lactose concentration is above 

20%. These suggest that B. adolescentis presumably uses this enzyme to convert lactose 
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to GOS based oligosaccharides and perhaps exports extracellularly through wide array of 

galactoside symporters to promote cross-feeding of other Bifidobacterium species. The 

resource sharing behaviour between members of the Bifidobacterium has been the key to 

their success in colonisation and adaptation in the human gut (Turroni et al., 2018). To 

better understand the biological role of BAD_1582, future research could be carried out 

on the hydrolytic activity of this enzyme with a wide array of substrates such as HMOs, 

mucin O-glycans and plant-derived polysaccharides. 

6.5. Conclusions 

These PhD project aimed to identify and characterise glycoside hydrolase enzymes 

through function-based screening of a human faecal microbiome metagenomic library.  

Emphasis was given to the identification of GH enzymes which could have activity in 

host mucin glycan degradation and metabolism of complex dietary polysaccharides. The 

human gut environment seems neglected in terms of identification of industrially relevant 

enzymes, however with lots of efforts it’s possible to identify and characterise industrially 

relevant enzymes from the genetic resources of the human microbiota. This research 

project developed methodology for screening glycoside hydrolases using MacConkey 

base agar supplemented with various glycans including HMOs. The human faecal 

microbiome metagenome library that was used for this study didn’t harbour metagenome 

clones which express active sialidases or α-fucosidases, presumably due to the absence of 

representative strains which encode for such enzymes. The function-based screening of 

the human faecal microbiome enabled the identification of new GH 2 β-galactosidase 

(BAD_1582) from B. adolescentis, which was not previously characterised.  The 

biochemical characterisation of BAD_1582 showed that, this enzyme has wide pH 

stability, a temperature stability up to 40oC. It has divalent cation requirement, for Mg2+ 

and Ca2+, especially having high activity with Ca2+ makes it an ideal candidate for dairy 

industry application as it benefits from the availability of high Ca2+ from milk and other 

dairy products. Moreover, BAD_1582 acted up on narrow ranges of substrates, such as 

oNPG, pNPG, lactose and GOS (synthesised by this enzyme) but it was not active on 

other tested chromogenic substrates and didn’t act on asialofetuin, a glycoprotein which 

had terminally linked galactose residues. Thus, it suggests this enzyme particularly act on 
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lactose and lactose-based oligosaccharides (GOS). This leads to the conclusion that, the 

natural substrate for BAD_1582 could be lactose. However, its activity towards various 

other β-galactosides in the human GIT such as host mucin glycans were not studied so 

this would need further investigation. The β-galactosidase activity of BAD_1582 towards 

the chromogenic synthetic substrate oNPG was inhibited by Gal and lactose but was 

unaltered by Glc. The inhibition of this enzyme by Gal but not by Glc is in line with many 

β-galactosidases, as hydrolytic products cause feedback inhibition which is one of the 

many ways of regulation of enzymatic reactions in biochemical pathway. BAD_1582 has 

lower Km for lactose, which is a desirable feature as it can confirm the high affinity of this 

enzyme to its natural substrate. BAD_1582 immobilised on calcium alginate and gelatin 

beads complemented with cross-linking using glutaraldehyde shifted the optimum  

temperature of the enzyme to 40oC but the maximum stability of both the immobilised 

and the free  enzyme were at 37oC, with slightly higher residual activity obtained by the 

immobilised enzyme at 45oC. Immobilisation of BAD_1582 abolished the substrate 

inhibition presented by oNPG (≥2.5 mM) on the free enzyme. The immobilised enzyme 

reduced the Km compared to the free enzyme.  The immobilised BAD_1582 had high 

hydrolytic activity towards lactose. In summary the properties of free and the immobilised 

BAD_1582, make it an ideal candidate for dairy industry application and for lactose based 

prebiotic manufacture, particularly GOS.  

The enzyme not only hydrolysed lactose but also displayed transgalactosylation activity 

at lower concentration of lactose (8%), while most commercially available β-

galactosidases require presence of high concentration of lactose (up to ~40%).  Moreover, 

the kinetics of hydrolytic and transgalactosylation activity, showed that the later precedes 

the former, which presumably is an evolutionary conserved trait by the B. adolescentis to 

scavenge and keep carbon source readily accessible form to these species presumably 

enhancing cross-feeding between different Bifidobacterium species while competitively 

excluding other bacteria particularly pathogens from thriving in the human GIT.  TLC 

and HPLC analysis of the transgalactosylation products revealed that, disaccharides 

(presumably allolactose) were formed first, followed by GOS, the DP of which increased 

with time of incubation presumably to produce tri, tetra and pentasaccharides.  
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Overall in this thesis, a functional metagenomics study of human faecal gut microbiome 

metagenome library was conducted to identify GH enzymes such as α-fucosidases, 

sialidases and β-galactosidases. MacConkey base agar supplemented with different 

HMOs and lactose were used for screening the metagenome library for the three enzymes. 

Although, α-fucosidases and sialidases were not detected, a previously uncharacterised β-

galactosidase from the B. adolescentis BAD_1582 were identified.  The B. adolescentis 

β-galactosidase BAD_1582, has been identified and its properties were characterised for 

lactose hydrolysis and prebiotic manufacture. Given that the parent strain is a probiotic 

strain the β-galactosidase enzyme (BAD_1582) could be used for food industry 

application as GRAS status has been granted for Bifidobacterium species.  Based on the 

findings and promising results obtained using this enzyme, we recommend the following 

additional works in future. The enzyme could be further studied for industrial application 

for creation of lactose free dairy products and manufacture of GOS. 
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