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Abstract 

Functional metagenomics has established itself as an indispensable tool in the search for novel 

genes by accessing the genetic information of previously unculturable microbes. These novel genes 

are commonly identified by assessing their function through qualitative observations of their 

general biochemical activities, prior to nucleic acid sequencing. In this study, a fosmid library was 

created from a cellulose-acetate rich environment (cigarette waste bin) and functionally screened 

for cellulose degrading and deacetylation enzymes. Here we report on the identification of a novel 

aryl-β-glucosidase identified from this library. Following plate based functional screening, one 

putative β-glucosidase was identified (BG4). Next generation sequencing of the 40 Kb fosmid insert 

identified an open reading frame (ORF) which, contained two distinct glycosyl hydrolase family one 

domains. The BG4 coding ORF was isolated, cloned into the pSF-OXB20-NH2-10HIS-EKT bacterial 

expression vector and heterologously expressed in E. coli. While BG4 showed selective hydrolytic 

activity to β-1,4-glucosidic bonds it displays a natural substrate specificity only to aryl-β-glucosides 

including arbutin, esculin hydrate, gensitin and salicin. It was most active on esculin hydrate (Km= 

5.15 mM, Vmax= 0.28 µmol glucose.min-1) and showed a temperature and pH optimum of 40 °C and 

pH 6. The BG4 activity was stimulated by the presence of manganese chloride and ethyl acetate and 

inhibited by detergents (SDS, glycerol and Triton X-100) and glucose concentrations exceeding 1.5 

mM. The specificity and high activity of BG4 towards aryl-β-glucosides could make it applicable in 

medical industries to release the biological potent aglycone moiety for glycosylated precursors. 
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Opsomming 

Funksionele metagenomika is ‘n onontbreeklike tegniek in die soektog na onbekende gene omdat 

dit die gentiese inligting van onkweekbare mikrobes beskikbaar stel. Die gene word geïdentifiseer 

deur kwalitatiewe obserwasie van funksie voordat DNS volgorde beplaing gedoen word. In die 

studie is ‘n funksionele metagenomiese biblioteek is gemaak vanaf DNS geïsoleer uit ‘n sellulose-

asetaat ryk omgewing (sigarette stompie asdrom). Dit is daarna geëvalueer vir die teenwoordigheid 

van sellulose degraderende en deasetilerende gene. Hierdeur is ‘n voorlopige β-glukosidase (BG4) 

geïdentifiseer. Volgorde bepaling van BG4 fosmid het ‘n moontlike β-glukosidase oopleesraam 

geïdentifiseer. Die oopleesraam is daarna gekloneer in pSF-OXB20-NH2-10HIS-EKT bakterïele 

proteïn uitdrukkings vektor wat daarna in E. coli getransformeer is om BG4 te produseer. BG4 het 

selektiewe hidrolitiese aktiwiteit getoon op β-1,4-glukosiede verbindings en was selektief aktief op 

ariel-β-glukosied substrate wat arbutin, esculin hidraat, gensitin en salicin insluit. BG4 was mees 

aktief op esculin hidraat (Km= 5.15 mM, Vmax= 0.28 µmol glucose.min-1) en het optimale aktiwiteit 

getoon by pH 6 en 40 °C. BG4 akiwiteit was gesimuleer deur mangaan chloried en etielasetaat en 

sterk geïnhibeer deur SDS en glukose bo 1.5 mM. Die hoë aktiwiteit en spesifisiteit van BG4 teenoor 

ariel-β-glukosiede verleen dit aan moonltike toepassing vir die vrystelling van biologiese aktiewe 

molekules vanaf hulle onaktiewe, geglukosiseerde voorlopers. 
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Background 

Cigarette filter pollution is considered one of the most common human-made waste problems 

globally, owing to an estimated 1.1 billion smokers (2015) who engage in smoking as a recreational 

activity. Together they manage to dispose an estimated 10 billion cigarettes daily in the 

environment (World Health Organization, 2017). This pollution was evident subsequent to the 

International Coastal Clean-up report, reporting over a million cigarette filters collected on United 

State beaches in 2017 alone  (Belhouari et al., 2017). Consequently, government laws have been 

instituted to ban the public use of cigarettes (on a global scale) with the hope of decreasing the 

pollution status and the current health risks associated with smoking (Goodman et al., 2007; Juster 

et al., 2007; Öberg et al., 2011). From a metagenomic (refer to section 3.1) perspective, pollution 

such as cigarette filters (ashtrays) creates a potential environment for the discovery of novel 

enzymes with industrial/medical relevance. 

Cigarette filters are produced by the esterification of cellulose (with acetic anhydride), usually 

obtained from wood pulp (Harris, 2011; Figure 3). The resulting cellulose acetate is spun to produce 

the fibres from which cigarette filters are produced (Harris, 2011; Novotny et al., 2009; refer to 

Background, Figure 1). These cellulose acetate filters are photodegradable (can be chemically 

decomposed by the action of sunlight) and biodegradable (can be decomposed by biological activity 

of living organisms). However, the degradation period is variable and largely dependent on the 

environment and the bacterial communities residing within these environments (ranging from < one 

month to > five years; Bonanomi et al., 2015; Buchanan et al., 1993). The first step to effective 

degradation is the removal of acetyl moieties which enables the systematic breakdown of the 

cellulosic backbone of the filter (refer to section 1.1.2, Figure 2).  A triad of enzymes is required for 

the latter process to occur synergistically, namely endogluconases (EC 3.2.1.4), cellobiohydrolases 

(EC 3.2.1.91) and β-glucosidases (EC 3.2.1.21; de Souza, 2013). All of these enzymes belong to the 

family of glycosyl hydrolases (EC 3.2.1) which are active on the glycosidic bond between two 

carbohydrates or a carbohydrate and non-carbohydrate moiety (Davies and Henrissat, 1995). β-

Glucosidases catalyse the hydrolysis of cellobiose to glucose which is the final and vital step towards 

complete degradation of cellulose. 
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Figure 1. Schematic representation of the components of cellulose acetate cigarette filters. Acetylated cellulose chains 

are spun into cellulose acetate fibres which are used for cigarette filter production.  

The β-glucosidases are extremely versatile enzymes which display a myriad of substrate specificities. 

Their general function may be categorised by their ability to hydrolyse the β-glycosidic bond present 

between two carbohydrate molecules or between a carbohydrate and non-carbohydrate molecule 

(Davies and Henrissat, 1995). This characteristic has caused further classification of β-glucosidases 

according to specific substrate specificity where they are classified as (i) true β-glucosidases, which 

hydrolyse cellobiose to produce glucose; (ii) aryl-β-glucosidases, which are only active on aryl-

glucosides or (iii) broad specificity β-glucosidases, which show activity on a broad spectrum of 

substrates (Singhania et al., 2013). Generally, β-glucosidases are classified into group iii with the 

ability to hydrolyse a wide range of substrates with varying specificity to respective substrates. Aryl-

β-glucosidases are the least common microbial β-glucosidases described in literature and have been 

proposed to contribute to plant decay as aryl-β-glucosides are commonly found in the leaves, bark 

and flowers of many plants (Marques et al., 2003). Industrially, cellobiose degrading β-glucosidases 

have enjoyed the most attention due to the critical role performed during bioethanol production 

(Singhania et al., 2013). Aryl-β-glucosidases also play important industrial roles such as flavonoid- 

and isoflavonoid glucoside hydrolysis in the food and drink industries and release biologically potent 

of aglycone moieties in the medical industry (Bhatia et al., 2002). ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
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1.1 A complex interplay between enzymes are required for cellulosic material 

breakdown 

1.1.1 Classification of glycosyl hydrolyses 

Glycosyl hydrolases are ubiquitous enzymes which catalyse the hydrolysis of glycosidic bonds 

(Davies and Henrissat, 1995; Naumoff, 2011). These bonds exist either between two carbohydrates 

or a carbohydrate and a non-carbohydrate moiety (Henrissat et al., 1995). The glycosyl hydrolase 

superfamily consists of numerous enzymes which show high levels of substrate diversity between 

enzyme activities (Bourne and Henrissat, 2001). This substrate diversity is not surprising when the 

extensive stereochemical diversity of carbohydrates, their substrates, are considered.  The different 

possible isomers for a reducing hexasaccharide is >1012 which is a clear indicator of the potential 

carbohydrate structural heterogeneity (Laine, 1994). This does not include possible non-

carbohydrate moieties which greatly increases the possible complexity.  The categorisation of the 

glycosyl hydrolase superfamily has been attempted numerous times to create a clear classification 

system. Traditionally, the classification was done exclusively on the substrate specificity but this 

method is complicated as glycosyl hydrolases (i) have similar substrates but different catalytic 

mechanisms, (ii) show a broad substrate specificity, (iii) have transglucosylation activity and (iv) 

could be either exo- or endo-type enzymes (Naumoff, 2011). The current method of classification 

used relies on similarities between the amino acid sequences of glycosyl hydrolases and have been 

proposed in the early 1990’s by Henrissat (1991). This method was adopted as the amino acid 

sequence (i) reflect structural features, (ii) reveals the evolutionary relationship and (iii) provides a 

tool to derive mechanistic information (Singhania et al., 2013). The different families classified 

according to this methods are continually increasing with 45 families in 1995 (Henrissat et al., 1995), 

80 in 2000 (Vasella et al., 2002) and 153 currently (September 2018; Lombard et al., 2014; 

http://www.cazy.org/Glycoside-Hydrolases.html). The increase is mainly due to the exponential 

increase in sequencing data availability from known and unknown microbial species. Glycosyl 

hydrolases are also routinely further classified into clans, a group of families which are suspected to 

have shared ancestry, of which there is currently 17 in the CAZy database (Lombard et al., 2014; 

http://www.cazy.org/Glycoside-Hydrolases.html). The classification is done by comparing 

similarities in (i) tertiary structure, (ii) catalytic residues and (iii) catalytic mechanism (Henrissat and 

Bairoch, 1996). As more three-dimensional structures are elucidated the clan grouping improve and 

currently more of the 153 families are classified into clans. The catalytic mechanism of glycosyl 
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hydrolases have been well studied and there are currently two known mechanisms of action first 

described by Koshland (1953). The first is inverting glycoside hydrolases and the second retaining 

glycoside hydrolases which refers to the inversion or retention of the stereochemistry of the 

substrate (Davies and Henrissat, 1995). 

1.1.2 Enzymatic degradation of cellulosic materials 

Among the glycosyl hydrolase superfamily, there are several families of enzymes which are required 

for the complete breakdown of cellulose (refer to section 1.1.2, Figure 2).  Cellulose is a linear 

glucose polysaccharide joined by β-1,4-glycosidic linkages which enables it to be tightly packed to 

form insoluble crystalline microfibrils (Payne et al., 2015). This occurs due to van der Waals 

interactions and hydrogen bonds between cellulose chains (Guerriero et al., 2016). The result is a 

polymer which is recalcitrant to enzymatic degradation especially when found in nature where 

cellulose forms part of plant cell walls together with hemi-cellulose and lignin (Cragg et al., 2015). 

Organisms have evolved multiple complementary enzymes, especially glycosyl hydrolases, to 

degrade this naturally abundant carbon source (Cragg et al., 2015). The complete breakdown of 

cellulose polymers can be achieved by the synergistic effect of three glycosyl hydrolase family 

enzymes (refer to section 1.1.2, Figure 2). The endogluconases (EC 3.2.1.4), cellobiohydrolases (EC 

3.2.1.91) and β-glucosidases (EC 3.2.1.21) each of which play a vital role in cellulose polymer 

hydrolysis (Horn et al., 2012). 

Firstly, endogluconases cleaves the cellulose polysaccharide chains randomly. This creates reducing 

and non-reducing ends and releases shorter water soluble carbohydrates (de Souza, 2013; Doerner 

and White, 1990). Cellobiohydrolases attack reducing and non-reducing ends of the cellulose 

polymer releasing mainly cellobiose (Guerriero et al., 2016; Horn et al., 2012). In the last step, β-

glucosidases hydrolyse the cellobiose produced to glucose (Jeng et al., 2011; Sun and Cheng, 2002; 

Figure 2).  
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Figure 2. Schematic representation of the synergistic degradation of cellulose by cellulases. Endogluconases (EC 3.2.1.4) 

hydrolyse internal cellulose bonds, cellobiohydrolases (EC 3.2.1.91) cleaves cellobiose from the cellulose chains and 

finally cellobiose is hydrolysed by β-glucosidases (EC 3.2.1.21) to liberate glucose monomers. 

Microbial cellulose degrading enzymes facilitate the degradation of lignocellulosic biomass which is 

the most abundant polymer on earth (Isikgor and Becer, 2015). The exact chemical composition of 

lignocellulose in plants differ but generally consist of 50% cellulose, 40% hemicellulose and 10% 

lignin (Isikgor and Becer, 2015). Microbes have evolved over millions of years to produce enzymes 

which effectively degrade plant cell walls to utilise this abundant carbon source. The enzymes can 

be directly translated into other applications such as cigarette filter bioremediation, bioethanol 

production or the release of potent aglycone from precursors. Cigarette filters’ constituents are 

similar to the cellulosic components in lignocellulose with the exception of added acetyl moieties. 
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Figure 3: Schematic representation of cellulose and cellulose acetate. Cellulose comprises of glucose units bound by a 

β-1,4-linkage and cellulose acetate is similar but has acetyl moieties added on the glucose backbone.  

 

1.1.3 Classification of β-glucosidases 

Glycosyl hydrolases consist of 153 families of specialised carbohydrate hydrolysing enzymes 

(Lombard et al., 2014; http://www.cazy.org/Glycoside-Hydrolases.html.) One class of glycosyl 

hydrolases, the β-glucosidases, catalyses the hydrolysis of β-glycosidic bonds occurring between (i) 

two carbohydrates such as short chain oligosaccharides and disaccharides or (ii) a carbohydrate and 

a non-carbohydrate moiety such as aryl-, amino-, alkyl- β-D-glucosides (Singhania et al., 2017). 

Under specific conditions, β-glucosidases can also catalyse the synthesis of a glycosidic bond 

between different molecules via two modes, reverse hydrolysis and transglycosylation (Singhania 

et al., 2013). β-Glucosidases are classified according to sequence similarities into glycosyl hydrolase 

families GH1, GH3, GH5, GH9, GH30 and GH116 with the majority belonging to GH1 and GH3 

(Michlmayr and Kneifel, 2014). Glycosyl hydrolases are further alphabetically classified into clans 

which suggests shared ancestry. GH1, GH5 and GH30 and consist of protein with (β/α) 8-barrel 

structures and belongs to GH-A, GH116 has (α/α) 6-barrel structure and belongs to GH-O, GH9 also 

has a (α/α) 6-barrel but is not assigned to a clan and GH3 has two catalytic domains and not assigned 

to a clan (Lombard et al., 2014).  

 

Stellenbosch University  https://scholar.sun.ac.za



 

7 

 

1.2 Industrial application of β-glucosidases 

The biotechnological application of β-glucosidases can be classified according either hydrolytic or 

synthetic applications (Bhatia et al., 2002). The hydrolytic industrial applications of β-glucosidases 

have been of great interest in industries including biofuel, food and feed and medical. Synthetic 

application of β-glucosidases, although less studied, has potential in mainly the medicinal industry.  

1.2.1 Role of β-glucosidases in cellulose degradation: a necessity for biofuels 

The current major focus of β-glucosidases in research is their role in second generation biofuel 

production (Singh et al., 2016). Second generation biofuels require the effective hydrolysis of 

cellulose present in plant biomass (Horn et al., 2012). This is achieved by treating the biomass with 

cellulase enzyme mixtures consisting of endogluconases, cellobiohydrolases and β-glucosidases (de 

Souza, 2013). β-glucosidases are responsible for cellobiose hydrolysis, the final step in efficient 

cellulose degradation  (de Souza, 2013). β-glucosidases’ role is vital as cellobiose degradation (i) 

relieves the product feedback inhibition of cellobiose on endogluconases and cellobiohydrolases 

and (ii) produces glucose for fermentation by yeast to produce bioethanol (Aditiya et al., 2016). The 

lack of adequate β-glucosidase activity has been reported for various commercial enzyme mixtures 

which are usually produced from fungi (Sun and Cheng, 2002). 

β-Glucosidases require specific characteristics to be applicable to the biofuel industry. As β-

glucosidases are generally inhibited by glucose ,its product at very low concentrations, glucose 

tolerance has become one of the major characteristics required for industrial application (Uchiyama 

et al., 2015). β-Glucosidases have been reported with this unusual trait of exhibiting glucose 

tolerance and some are even induced by glucose (Yang et al., 2015). The tolerant β-glucosidases 

mostly form part of GH1 family with several reported in recent years (Fang et al., 2010; Uchiyama 

et al., 2013). Generally, GH3 β-glucosidases do not show significant glucose tolerance but some have 

been reported (Li et al., 2014). Even though glucose tolerance has received the most attention the 

harsh industrial conditions of bioethanol production have also made other characteristics such as 

temperature stability, pH stability and ethanol tolerance desirable (Singhania et al., 2013). Current 

commercially available β-glucosidases are not suited for use in these conditions which is why more 

β-glucosidases are continuously searched for (Elleuche et al., 2014). Various β-glucosidases have 
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been reported with some of these commercially important traits (Uchiyama et al., 2013; Schröder 

et al., 2014; Maruthamuthu and Van Elsas, 2017). 

1.2.2 Food, feed and agricultural applications 

The majority of application of β-glucosidases in the food industry is related to the flavour enhancing 

capabilities of wine, beer and fruit juice. β-glucosidases play a key role in the release of aromatic 

molecules usually not active due to glycosylation (Ahmed et al., 2017; Bhatia et al., 2002; Kuhad et 

al., 2011; Singh et al., 2016). Highly efficient microbial β-glucosidases are routinely added as the 

natural process by plant β-glucosidases can be very time-consuming (Singh et al., 2016) or have 

limited activity at the industrial production conditions (Ahmed et al., 2017). β-Glucosidases are also 

used to reduce the bitterness in fruit juices by hydrolysis of naringenin (Fan et al., 2011). β-

Glucosidases applied towards flavour enhancement has to be active at a pH of 2.5 to 4, have the 

ability to hydrolyse glycosylated aromatic precursors and show resilience towards secondary plant 

metabolites (Fischer and Noble, 1994; Sheehan et al., 2007).  In some food applications high activity 

on specific β-glucosidic bond is the main attribute required. In the gellan industry β-glucosidases 

with the ability to hydrolyse glycosyl-rhamnosyl-glucose to produce glucose and rhamnosyl-glucose 

is required to reduce viscosity (Bhatia et al., 2002). Pyridoxine glucoside hydrolysis by β-glucosidases 

are required to release vitamin B6 for increased nutritional value (Opassiri et al., 2004). Finally in 

the soybean cooked syrup industry β-glucosidases that can hydrolyse daidzin and genistin to reduce 

bitterness is required (Xu and Song, 2014). 

In the agricultural sector, β-glucosidases have been suggested to be used in Cassava root 

detoxification (Gueguen et al., 1997). Cassava root has a cyanogenic glycoside present in the roots 

which, when consumed, is harmful to human health (Coursey, 1973). Plant protection can also be 

assisted by β-glucosidases as Rhizobacteria produce various biological control agents. Among these 

are cellulases, which assist in the protection of the plant against pathogenic oomycetes (Menendez 

et al., 2015). β-Glucosidases are also added to cellulose based feed of single-stomach animals, such 

as pigs and chickens, where it leads to better degradation and effectively better nutrition (Bhatia et 

al., 2002). 
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1.2.3 Medical application of β-glucosidases: the release of potent bioactive 

compounds  

In the medical industry, biologically potent molecules can be released from phenolic compounds 

such as flavonoids, flavanone, flavones and isoflavones through β-glucosidase activity (Ahmed et al., 

2017). Soybean isoflavonoids have also been associated with protection from cancer, heart disease 

and osteoporosis and with the release of aglycone moieties by β-glucosidases the potency was 

improved (Omoni and Aluko, 2005). The aglycone released from the glycosylated precursor has 

higher biological activity and is also absorbed faster and in higher amounts (Singh et al., 2016). The 

release of aglycone moiety from other sources are also of interest such as oleuropein (olives) and 

amygdalin (peach kernels) which are also used in the medical industry as alternative anticancer 

agents (Xu and Song, 2014). 

1.2.4 Other applications  

In the paper and pulp industry, the de-inking of paper is done to reduce wood consumption and 

reduce paper waste. The de-inking can be achieved by chemical and enzymatic methods. The 

enzymatic method uses β-glucosidases among other enzymes (Ahmed et al., 2017; Menendez et al., 

2015). Another proposed application was the release of the biologically active coumarin aglycone 

from coumarin (Mercer et al., 2013). Coumarins are fragrant molecules present in plants and have 

medical applications such as antifungal properties (Montagnera et al., 2008). Under defined 

conditions, some β-glucosidases show transglycosylation activity in vitro (Dan et al., 2000). 

Transglycosylation enables the synthesis of oligosaccharides, aryl-, alkyl- and alcohol-glucosidase 

with high regio- and stereo-selectivity and without the need for external energy input (Ahmed et 

al., 2017). Oligosaccharides can be used as therapeutic agents such as heparin or acarbose, the 

production of carbohydrate based chemicals and as a probiotic agent (Ahmed et al., 2017). Alkyl-

glucosides are applied as bio-degradable, non-ionic surfactants. Aryl- and alcohol-glucosides has 

potential in medicine development, for example, methyl-glucoside serves as a precursor for methyl-

laminario oligosaccharides which is applied as AIDS therapeutic agent. Aryl-glucosides have also 

been shown to have repellent and anti-feed properties or can be applied in the production of natural 

flavourants in the food industry (Bhatia et al., 2002). 
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1.3 Metagenomics: the search for novel environmental enzymes 

Enzymes are natural biocatalysts which significantly increases the rate of biochemical reactions 

(Beilen and Li, 2002). Biocatalysts are industrially applied toward a plethora of applications and are 

frequently favoured over chemical reactions as it is a greener alternative without high energy and 

harsh chemical requirements (Madhavan et al., 2017). Biocatalysts are frequently sourced from 

microorganisms for specific industrial application as they have evolved to adapt and thrive in every 

imaginable environment. This immense physiological and functional heterogeneity is now a major 

source of genetic diversity on earth (Li et al., 2009). Traditionally, when bioprospecting for novel 

industrially relevant genes microorganisms were cultivated and subsequently screened for the 

desired phenotype. However, currently more than 99% of all microorganisms cannot be cultured 

successfully (Xing et al., 2012). This discrepancy in the amount microorganisms present and the 

amount which is culturable has come to be known as the great plate anomaly  (Madhavan et al., 

2017). The great plate anomaly leads to vast amounts of microbial genetic resources not being 

accessible for bioprospecting. This was addressed by the discovery of metagenomics which made 

all genetic material available for testing, effectively bypassing the need for any microbial culturing 

(Madhavan et al., 2017). Metagenomics uses genetic material acquired directly from an 

environmental source for analysis which can be done in two possible ways: sequence based or 

functional based analysis (Madhavan et al., 2017; Xing et al., 2012).  

1.3.1 Sequence based metagenomics versus functional based metagenomics 

Metagenomics emerged in the early 1990s and established itself as a fundamental technique in the 

quest to novel enzyme discovery (Escobar-Zepeda et al., 2015). Sequence and functional based 

metagenomics both start with the isolation of all genomic information within any environment 

imaginable. The environmental sample source is however vital for bioprospecting as it is used to 

infer what target genes might be present. The environmental sample can then be sequenced directly 

using modern next-generation sequencing methods or be used for metagenomic library 

construction. Direct sequencing methods are typically applied for microbial community analysis and 

not for biomolecule identification (Madhavan et al., 2017). For bioprospecting purposes, 

environmental DNA is used to create a metagenomic library, which is vectors housing the isolated 

DNA. Different vectors systems can be used to create different insert size libraries such as plasmids 
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(15 KB), cosmids and fosmids (40 KB) or bacterial artificial chromosomes (40 KB). Once the library 

has been constructed the two systems (sequence- and functional based screening) greatly differ in 

terms of analysis (Figure 4). 

 

 

Figure 4: Diagram of strategies employed for metagenomic analysis of environmental community. Adapted from 

Madhavan et al. (2017). Diagram indicates the steps followed in order to create a functional or sequence based 

screening library.  

Sequence based metagenomic screening involves the direct screening of sequences. There are 

several direct screening methods which have been applied in gene discovery such as gene specific 

PCR primers (Henckel et al., 1999), stable isotope probes (Dumont et al., 2006) and integron specific 

primers (Cowan et al., 2005). These methods are limited as knowledge regarding conserved regions 

in the gene sequences are required and thus excludes the identification of new families of novel 

enzymes. The functional based screening of a metagenomic library searches for biological activity 

prior to any genetic sequence analysis. Once the library is created in the vector system of choice it 
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is screened for biological activity in one of two ways: direct detection of activity or functional 

complementation. The direct detection employs the use of chemical dyes and insoluble or 

chromophore-containing derivatives in the growth media. They serve as the substrate for the target 

enzyme and results in a visual aid for activity (Xing et al., 2012). One screening method used for β-

glucosidases identification is when esculin hydrate and ferric citrate is included in growth media 

which results in a brown halo (Li et al., 2012a). Complementation screening requires a host strain 

which is deficient of the target gene and thus only clones where the target gene is introduced will 

be able to grow. The identification of a novel lysine racemase has been achieved through this 

methods using a lysine deficient host strain (Chen et al., 2009). The major drawback for functional 

based screening is that in order to identify a gene it has to be effectively expressed and translated 

into a functional protein by the host system. Escherichia coli is generally used for this application 

and has proved to express 40% of environmental DNA (Gabor et al., 2004). Different expression 

systems such as Streptomyces and Pseudomonas can also be applied to increase potential genes 

expressed (Xing et al., 2012). The ability of functional screening to identify novel genes and gene 

families resulted in it being the preferred method for novel enzyme bioprospecting.  

1.3.2 Functional based metagenomics: bioprospecting for industrially relevant β-

glucosidases 

Bioprospecting for cellulose degrading enzymes is of great industrial importance for industries 

including biofuel, bioremediation, food, laundry and textiles, medical and paper and pulp (Duan and 

Feng, 2010). Cellulose consists of a linear β-1,4-linked glucose polymer and requires the synergistic 

effect of endogluconases, cellobiohydrolases and β-glucosidases for complete hydrolysis (de Souza, 

2013). Originally bioprospecting for these classes of enzymes was limited to known natural cellulose 

degrading organism such as wood degrading fungi (Béguin, 1990). Recent advances in functional 

metagenomics have contributed to cellulase enzyme identification especially for enzymes with 

desirable industrial characteristics such as activity under a wide range pH, temperature and ionic 

conditions (Ilmberger and Streit, 2017). β-Glucosidases play a vital role in cellulose degradation 

(refer to section 1.2.1) and have been the subject of intense bioprospecting. Recently, β-

glucosidases have been identified with industrially important characteristics such as thermo-

stability (Fusco et al., 2018; Jabbour et al., 2012; Liu et al., 2012; Park et al., 2005), pH stability 

(Martin et al., 2014; Maruthamuthu and Van Elsas, 2017), glucose tolerance (Crespim et al., 2016; 
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Jabbour et al., 2012; Sathe et al., 2017; Uchiyama et al., 2015) an ethanol tolerance (Biver et al., 

2014; Karnaouri et al., 2013). β-Glucosidases also have applications in other industries (sections 

1.2.3 – 1.2.5) besides cellobiose hydrolysis. Aryl-β-glucosidase specifically have been reported with 

industrially potential activity such as aromatic improvement of wines/juices (Swangkeaw et al., 

2011) and the release of isoflavones from soybean (Mase et al., 2004; Otieno and Shah, 2007). 

The use of metagenomics is clearly a powerful tool for the bioprospecting of novel enzymes with 

industrially relevant activities. The aim of my project was to use a functional metagenomic approach 

to identify enzymatic activities, specifically focusing on β-glucosidase activity, from a cigarette filter 

waste (cellulose acetate rich) environment. The objectives were to create and functionally screen a 

metagenomic library, to sequence and identify putative β-glucosidases, to recombinantly express 

the identified β-glucosidases and to biochemically characterise the recombinant enzyme.  

Stellenbosch University  https://scholar.sun.ac.za



14 

Materials and Methods 

2.1 Escherichia coli genotypes and plasmids 

The following E. coli strains and plasmids (Table 1) were used in this study: 

DH5α (Invitrogen, ThermoFischer Scientific, South Africa): F– Φ80lacZΔM15 Δ (lacZYA-argF) 

U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1 

EPI300™-T1R E. coli (Epicentre, Whitehead Scientific, South Africa): F– mcrA ∆ (mrr-hsdRMS-mcrBC) 

φ80dlacZ∆M15 ∆lacX74 recA1 endA1 araD139 ∆(ara, leu)7697 galU galK λ– rpsL nupG trfA tonA dhfr 

Table 1: Summarised list of plasmids used, the companies from which acquired, the antibiotic selection and the 

application of the plasmid.  

2.2 Metagenomic library construction 

A metagenomic library was constructed from an environment rich in cellulose acetate (cigarette 

filter waste). The total environmental genomic DNA was extracted immediately after sampling using 

the Meta-G-Nome™ DNA isolation kit (Epicentre®, Whitehead Scientific, South Africa) according to 

the manufacturer’s instructions. No further processing was required. The isolated DNA fragments 

(blunt ended, 40 Kb in length) were ligated into the CopyControl ™ pCC2FOSTM vector (Epicentre®) 

to construct a fosmid metagenomic library. The ligated DNA was subsequently packaged using the 

MaxPlaxTM lambda packaging extract (Epicentre®) and cloned into the  E. coli Epi300-T1R plating 

strain, according to manufacturer’s instructions  (EpiCentre’s CopyControl™ HTP Fosmid Library 

Production Kit with pCC2FOS™ Vector, Epicentre®).The phage titre was determined at 1.2 × 108 

which confirms efficient packaging (> 107 required according to manufactures specifications). After 

transduction number of clones was calculated according to manufacturer’s instructions, resulting in 

840 cones. Fosmid clones were maintained as singly copy and induced to high copy number prior to 

Plasmid Company origin Selection Use 

CopyControl™ 
pCC2FOS™  

Epicentre Chloramphenicol Vector for production 
of copy controlled 
fosmid library  

pSF-OXB20-NH2-10His-
EKT 

Oxford Genetic 
Ltd 

Kanamycin Contains constitutive 
RecA promoter  for 
high expression levels 
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subsequent experimentation, using proprietary CopyControl fosmid autoinduction solution (2% v/v, 

Epicentre®). 

2.3 Functional plate based screening of library 

The fosmid library was screened for β-glucosidase, cellulase and esterase activities using standard 

plate based screens, as previously described (Li et al., 2012b; Singh et al., 2015; Yusof et al., 1989). 

Briefly, β-glucosidase activity screens were conducted on Luria Bertani agar plates (LB agar; 1% w/v 

peptone, 1% w/v sodium chloride, 0.5% w/v yeast extract, 1.5% w/v bacteriological agar) 

supplemented with ferric citrate (0.05% w/v; Sigma Cat# F3388, Sigma-Aldrich, South Africa), esculin 

(0.01% w/v; esculin hydrate, Sigma Cat# E8250, Sigma-Aldrich, South Africa). Cellulase activity 

screens were conducted on CMC-salt plates (0.188% w/v CMC sodium salt, Sigma Cat# C4888, 

Sigma-Aldrich, South Africa; 0.05% w/v K2HPO4, 0.025% w/v MgSO4.7H2O, 0.2% w/v gelatin and 0.5% 

w/v bacteriological agar) supplemented with Congo red (0.02% w/v Congo Red, Sigma Cat# C6767, 

Sigma-Aldrich, South Africa ). Finally, esterase activity screens were conducted on tributyrin agar 

plates (20% w/v tributyrin agar; Sigma Cat# 91015, Sigma-Aldrich, South Africa) supplemented with 

tributyrin (10% v/v tributyrin, Sigma Cat# 73105, Sigma-Aldrich, South Africa) and victoria blue 

(0.004% w/v; Victoria Blue B, Sigma Cat# V0753, Sigma-Aldrich, South Africa). All of the fosmid based 

screening plates included the appropriate antibiotic selection (chloramphenicol 12.5 µg.ml-1) and 

autoinduction solution (2% v/v). Positive clones were identified through a dark brown halo for β-

glucosidase-, a yellow halo for cellulase- and a blue, cleared halo for esterase-activity. 

2.4 Sequencing and metagenomics data assembly 

The fosmids identified as positive for the respective functional screens were isolated via FosmidMAX 

DNA Purification Kit according to manufacturer’s specifications (Epicentre®, Whitehead Scientific, 

South Africa). DNA quality and quantity was determined with a NanoDrop™ spectrophotometer 

(ND-LITE, ThermoFisher Scientific). Fosmid DNA (500 ng.µL-1) was submitted to Inqaba biotec™ 

(South Africa) and paired end reads were produced using the Illumina Miseq platform. Sequence 

data was analysed using the CLC Genomics Workbench v7 (Qiagen, Whitehead Scientific, South 

Africa). The sequence data was assessed for quality and trimmed according to CLC parameters 

(quality score 0.05, maximum ambiguous nucleotides of two). The trimmed data was used for de 
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novo contig assembly according to CLC parameters (word size 45, bubble size 95 and minimum 

contig length 1000). The contigs were assembled to create consensus sequence from which putative 

open reading frames were identified using NCBI’s ORF finder software.    

2.5 Sequence analysis 

A single fosmid clone displaying β-glucosidase activity in functional screen was chosen to be 

analysed further for the scope of this project. Following sequencing of the 40 Kb fosmid insert, ORFs 

were identified using NCBI’s ORF finder software (https://www.ncbi.nlm.nih.gov/orffinder/). 

Putative functional annotation of all the ORFs were determined through nBLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch) and a single ORF was identified 

as a putative β-glucosidase. This nucleotide sequence was translated using the Expasy translate tool 

(Gasteiger et al., 2003; https://web.expasy.org/translate/; using standard genetic code). The 

predicted amino acid sequence was then analysed with NCBI domain finder which identified one 

putative β-glucosidase domain (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), that was 

then assigned the BG4 nomenclature used to describe the gene in this work. ExPASy PROSITE was 

used to further identify protein motifs and function was assigned (de Castro et al., 2006; 

https://prosite.expasy.org/). The protein sequence of the putative β-glucosidase identified was 

used for pBLAST analysis. The glycosyl hydrolases domain’s top six closest related accessions was 

selected for protein alignment analysis. BioEdit software (BioEdit 7.2.3) was used to align the 

putative β-glucosidase identified to the top six accessions identified using the default parameters 

(Hall, 1999). 

2.6 Restriction digest cloning 

The putative β-glucosidase ORF (BG4) was selected and used for subsequent cloning and expression. 

Primers were designed to amplify the  ORF,  adding a 5’ KpnI restriction site in the forward primer 

sequence  (5’- ATAGGTACCGATGACCGATAAACAGAAGAAATTAC- 3’) and a 3’ NheI restriction site in 

the reverse primer sequence (5’- ATAGCTAGCTTATACATCACGTAGATGCTTTAAAAC- 3’). The primer 

pair was used to amplify the BG4 ORF from the fosmid in a high fidelity PCR reaction (Q5 DNA 

polymerase, New England Biolabs, Inqaba Biotech, South Africa) under the following conditions 

(denaturation at 98 °C for 10 sec, primer annealing at 61 °C for 30 sec, elongation at 72 °C for 30 
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sec; 25 cycles). Reaction products were analysed by agarose gel electrophoresis (1% w/v gel) 

supplemented with Pronosafe for visualization (0.005 % v/v). The amplicon (1.26 KB) was excised 

from the gel and purified using a DNA clean-up kit, according to manufacturer’s instructions 

(Wizard® SV Gel and PCR Clean-Up, Promega, Anatech, South Africa). The purified fragment was 

subjected to a restriction digest using high fidelity versions of KpnI and NheI (1 µg DNA, 10 U 

restriction enzymes, 10X CutSmart buffer and ddH2O to a final volume of 50 µl; 37 °C, 1 h). The 

expression vector pSF (pSF-OXB20-NH2-10His-EKT) was prepared for ligation, using the same 

restriction conditions. The BG4 ORF was ligated into the expression vector using T4 DNA ligation (50 

ng vector DNA, 75 ng insert DNA, 400 U T4 DNA ligase, 10X ligation buffer and ddH2O to a final 

volume of 20 µL; 25 °C, 2 h) creating the construct pSF::BG4. The ligation reaction was transformed 

into competent E. coli (DH5α, Invitrogen) and the presence of the BG4 was confirmed via PCR 

amplification and restriction enzyme digest analysis, as described above.  

2.7 Heterologous protein expression and quantification 

DH5α cells containing either pSF or pSF::BG4 were inoculated, respectively, into 2 ml of LB 

supplemented with kanamycin (50 µg.ml-1) and allowed to grow overnight (200 rpm, 37 °C). The 

overnight culture was added to 200 ml of LB with kanamycin (50 µg.ml-1) and grown to 0.6 OD595 

(200 rpm, 37 °C). The cells were centrifuged (3830 g, 4 °C, 15 min) and suspended in 2 ml extraction 

buffer (pH 7; 50 mM HEPES, 100 mM NaCl, 0.5 mM Phenylmethylsulfonyl fluoride, 0.05% v/v β-

mercaptoethanol, 5% v/v glycerol). Lysozyme (1 mg.ml-1) was added and incubated on ice (rocking, 

30 min). The cells were sonicated (3 times, 5 s, 10 s interval) and centrifuged (10000 g, 4 °C, 15 min). 

The clarified supernatant was used as crude protein extracts for biochemical analysis. Protein 

concentrations were determined according to the standard Bradford assay, using BSA as standard 

(Bradford, 1976). 

2.8 Para-Nitrophenyl-linked assays 

A pNP (Sigma Cat# 1048, Sigma-Aldrich, South Africa) standard curve was created by measuring the 

absorbance of a concentration range (0.00 µmol, 12.5 µmol, 25µmol, 50µmol and 100µmol) of pNP 

in assay buffer (HEPES-KOH buffer, PH 7) after the addition of 200 µL sodium bicarbonate stop buffer 

(0.5 M).  
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A standard pNP-glycoside assay was adapted for use in the 96 well microtitre plate format (Zhang 

et al. 2017). The assay was conducted by incubating 0.7 mM pNP-glycoside (pNP-α-D-

glucopyranoside, Sigma Cat# N1377; pNP-β-D-glucopyranoside, Sigma Cat# N7006, Sigma-Aldrich, 

South Africa; pNP-α-D-galactopyranoside, Sigma Cat# N0877, Sigma-Aldrich, South Africa; pNP-β-D-

galactopyranoside, Sigma Cat# N1252, Sigma-Aldrich, South Africa) in 45 µL HEPES-KOH buffer (50 

mM, pH 7) with 50 µL crude protein extract (30 °C, 10 min). The reaction was terminated by the 

addition of 200 µL sodium bicarbonate (0.5 M). The colour change was measured at 405 nm using 

VersaMax ELISA microtitre plate reader using SoftMax Pro software.  

2.9 Natural substrate assay 

A range of natural β-glucoside substrates were chosen which included arbutin (Sigma Cat# A4256, 

Sigma-Aldrich, South Africa), cellobiose (Sigma Cat# C7252, Sigma-Aldrich, South Africa), cellulose 

(microcrystalline powder, Sigma Cat # 435236, Sigma-Aldrich, South Africa), cellulose-acetate 

(Sigma Cat# 180955, Sigma-Aldrich, South Africa), esculin hydrate, lactose, and salicin (Sigma Cat# 

S0625, Sigma-Aldrich, South Africa). The assay was conducted by incubating 10 mM substrate in 40 

µL HEPES-KOH buffer (50 mM, pH 7) with 50 µL crude protein extract (30 °C, 1 h). The reaction was 

terminated by snap freezing in liquid nitrogen. The liberated glucose was measured with a glucose 

assay kit (Sucrose/D-Glucose/D-Fructose UV test, R-biopharm, Roche, South Africa) adapted for use 

in 96 well microtitre plate format. Absorbance was measured at 340 nm using VersaMax ELISA 

microtitre plate reader using SoftMax Pro software. 

2.10 Optimum activity parameters  

The assay to determine optimum pH for BG4 activity was conducted by incubating 10 mM esculin 

hydrate in citric acid (50 mM, pH 4 to 5) or McIlvaine buffer (50 mM, pH 5 to 6) or MES-KOH (50 

mM, pH 6 to 7) or HEPES-KOH (50 mM, pH 7 to 9) or sodium carbonate (50 mM, pH 9 to 10) buffer 

with 40 µL crude protein extract (30 °C, 1 h). The reaction was terminated by snap freezing in liquid 

nitrogen. The liberated glucose was measured with a glucose assay kit (Sucrose/D-Glucose/D-

Fructose UV test, R-biopharm, Roche, South Africa) adapted for use in 96 well microtitre plate 

format. Absorbance was measured at 340 nm using VersaMax ELISA microtitre plate reader using 

SoftMax Pro software. 
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The assay to determine optimum temperature for BG4 was conducted by incubating 10 mM esculin 

hydrate in HEPES-KOH buffer (50 mM, pH 7) with 40 µL crude protein extract over a temperature 

gradient of 10 °C to 60 °C with intervals of 5 °C (1 h). The reaction was terminated by snap freezing 

in liquid nitrogen. The liberated glucose was measured with a glucose assay kit (Sucrose/D-

Glucose/D-Fructose UV test, R-biopharm, Roche, South Africa) adapted for use in 96 well microtitre 

plate format. Absorbance was measured at 340 nm using VersaMax ELISA microtitre plate reader 

using SoftMax Pro software. 

2.11 Effect of ions, additives, solvents and glucose 

A standard pNP-glycoside assay was adapted for use in the 96 well microtitre plate format. The assay 

to determine the effect of ions, additives, solvents on BG4 activity was set up by incubating 0.7 mM 

pNP-β-glucopyranoside in 45 µL MES-KOH buffer (50 mM, pH 6) with 50 µL crude protein extract 

(40 °C, 10 min). Added was one of the following: Al(SO4)3 (10 mM), CaCl2 (10 mM), CoCl2 (10 mM), 

KCl (10 mM), MgCl2 (10 mM), MnCl2 (10 mM), NaCl (10 mM), NiCl2 (10 mM), ZnCl2 (10 mM), 

dithiothreitol (10 mM), β-Mercaptoethanol (10% v/v), ethylenediaminetetraacetic acid (10 mM), 

sodium dodecyl sulfate (10 mM), glycerol (10% v/v), triton X-100 (10% v/v), dimethyl sulfoxide (10% 

v/v), ethanol (10% v/v), ethyl acetate (10% v/v) or isopropanol (10% v/v). The reaction was 

terminated by the addition of 200 µL sodium bicarbonate (0.5 M). The colour change was measured 

at 405 nm using VersaMax ELISA microtitre plate reader using SoftMax Pro software. 

The assay to determine glucose inhibition on BG4 was conducted by incubating 0.7 mM pNP-β-

glucopyranoside in 45 µL MES-KOH buffer (50 mM, pH 6) with 50 µL crude protein extract (40 °C, 10 

min). Added to this was a concentration range (0 – 1000 mM) of additional free glucose. The reaction 

was terminated by the addition of 200 µL sodium bicarbonate (0.5 M). The colour change was 

measured at 405 nm using VersaMax ELISA microtitre plate reader using SoftMax Pro software. 

The ions, additives and solvents were selected on the basis of previously reported inhibitors of β-

glucosidases or carbohydrate active enzymes. Glucose is a well-known and well defined inhibitor of 

β-glucosidases and was studied more in depth as it is routinely used to define β-glucosidases’ 

biochemical parameters.  
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2.12 Determining enzymatic kinetics 

The assay to determine enzyme kinetics for natural substrates of BG4 was set up by incubating 

arbutin (0 mM – 100 mM); esculin (0 mM – 30 mM); salicin (0 mM – 100 Mm) in 50 µL MES-KOH (50 

mM, pH 6) buffer with 40 µL crude protein extract (40 °C, 1 h). The reaction was terminated by snap 

freezing in liquid nitrogen. The liberated glucose was measured with a glucose assay kit (Sucrose/D-

Glucose/D-Fructose UV test, R-biopharm, Roche, South Africa) adapted for use in 96 well microtitre 

plate format. Absorbance was measured at 340 nm using VersaMax ELISA microtitre plate reader 

using SoftMax Pro software. The Km and Vmax were subsequently determined by fitting data to a 

non-linear regression curve of GraphPad Prism 5. 

The assay to determine enzyme kinetics of BG4  for artificial substrate pNP-β-glucopyranoside was 

set up by incubating pNP-β-glucopyranoside (0 mM – 75 mM ) in 50 µL MES-KOH buffer (50 mM, pH 

6) with 40 µL crude protein extract (40 °C, 10 min). The reaction was terminated by the addition of 

200 µL sodium bicarbonate (0.5 M). The colour change was measured at 405 nm using VersaMax 

ELISA microtitre plate reader using SoftMax Pro software. The Km and Vmax were subsequently 

determined by fitting data to a non-linear regression curve of GraphPad Prism 5.  

All enzymatic assays was done in triplicate and error bars represent standard deviation. One unit of 

enzyme activity (U) for crude enzyme extracts were defined as the amount of protein needed to 

liberate 1 µmol of product per minute under standard assay conditions. 

2.13 Transglycosylation of glucose by BG4 

Machereny-Nachel Protino® His-Tag purification kit (Machereny-Nachel, Separations, South Africa) 

was used to isolated His-tagged BG4 from crude protein extract according to the manufacturer’s 

instructions. All the eluted fractions were assessed for activity using the pNP-β-glucopyranoside 

assay described earlier (see section 2.8). The transglycosylation ability of purified BG4 was 

determined by incubating free glucose 10 mM with methanol 5% in 200 µL MES-KOH (50 mM, pH 

6) with 250 µL His-tag purified protein in a final volume of 1000 µL (30°C, 24 h). 
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Results 

3.1 Functional metagenomics: plate based screening as an enzyme discovery 

tool 

A fosmid based metagenomic library containing 40 Kb inserts was constructed from the total 

genomic DNA isolated from an environment identified as cellulose acetate rich (cigarette filter waste 

bin). Functional plate based screening was used to discern if cellulolytic active enzymes were 

present in the metagenome of this environment. We found within the metagenomic clones a 

number of enzyme activities which represented cellulolytic specific activities (Figure 5).  These 

represented (i) esterases which presented blue halo formation on tributyrin agar plates 

supplemented with victoria blue, (ii) cellulases which presented clear, yellow halo formation on 

carboxymethylcellulose plates and (iii) β-glucosidase which presented a dark brown halo formation 

on ferric citrate esculin plates. The clones identified presented distinct activities and showed no 

overlap when cross-tested on other plate based-screens (Figure 5). From these results, a putative 

β-glucosidase was identified (BG4) and chosen for further analyses. The fosmid was isolated and 

fully sequenced using a next-generation approach (Illumina MiSeq platform). 
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Figure 5: Functional plate screens of the metagenomic library for the identification of potential cellulose-acetate 

degrading enzymes. The metagenomic library was subjected to screens for esterase, cellulase and β-glucosidase 

enzymes. Tributyrin agar plates indicate lipolytic activity by the formation of a blue halo, carboxymethylcellulose plates 

indicate cellulase activity the by formation of a yellow halo and ferric citrate esculin indicate β-glucosidase activity by a 

brown halo formation. Here the phenotypic identification of one esterase (E1), cellulase (C5) and β-glucosidase (BG4) is 

shown and their activity on other screening methods. E. coli (EPI300™-T1R) transformed with empty pCC2FOS™ was 

included as a control. 

 

3.2 BG4 identified as a putative β-glucosidase containing two distinct GH1 

family domain signatures.  

Fosmid sequence data was analysed using CLC genomic workbench 11 and NCBI’s ORF finder 

(https://www.ncbi.nlm.nih.gov/orffinder/) which identified 31 putative ORFs within the 44.7 Kb 

fosmid insert. Putative functions were assigned using BLASTx 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and only one putative ORF encoding a β-glucosidase (BG4) 
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was identified. The BG4 sequence was further analysed using NCBI’s conserved domain analysis 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) which further confirmed that BG4 assigns 

to the glycoside hydrolase family one and has a β-glucosidase domain (BglB). The BG4 protein 

sequence was also analysed using ExPASy PROSITE (https://prosite.expasy.org/) which identified 

two distinct motifs, a glycosyl hydrolases family one N-terminal signature and a glycosyl hydrolases 

family one active site (Figure 6B). The predicted amino acid sequence for BG4 was aligned with six 

other β-glucosidases which represented significant hits returned from a BLAST search (Figure 7).  

A) 

 

B) 

  

Figure 6: Nucleotide and amino acid sequence analysis of fosmid isolated from β-glucosidase positive clone. Analysis 

reveals BG4 presence in fosmid and further sequence analysis. A) Fosmid ORF identification and BLAST to identify 

putative β-glucosidase. B) ExPASy PROSITE amino acid sequence analysis indicated that BG4 has two distinct GH1 

specific domains present. The first is an N-terminal signature domain (FLWGAATSAHQVEGG) and the second an active 

site domain (IIVTENGVA). 
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Figure 7: Amino acid sequence alignment of identified putative β-glucosidase (BG4) with six closely related β-

glucosidases identified with xBLAST. The similarity is indicated in grey scale with 100% similarity indicated in black. 

Sequences producing significant alignments are to Bacillus subtilis (P42403.1, Fujishima and Yamane, 1995), Dickeya 

dadantii (ADM98908.1), Lactobacillus paracasei (YP_796436.1, Makarova et al., 2006), Paenibacillus polymyxa 

(WP_013373108.1), Ruminiclostridium thermocellum (P26208.1, Grabnitz et al., 1991) and Staphylococcus aureus 

(Q2G2D5.1, Gillaspy et al., 2006). Alignment was performed using BioEdit version 7.2.3 (Hall, 1999). 
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3.3 Isolation of BG4 via PCR and construction of a heterologous protein 

expression construct 

Following the identification of the BG4 ORF, a specific primer pair was designed to incorporate 

restriction sites that would enable the subcloning of BG4 into the bacterial expression vector pSF-

OXB20-NH2-10His-EKT. This expression construct was subsequently transformed into E. coli (DH5α) 

and the presence of the BG4 ORF was confirmed by colony PCR analyses (Figure 8).  

 

 

 

 

Figure 8: PCR confirmation of pSF-OXB20-NH2-10His-EKT::BG4 expression vector. Lane 1- 1 Kb Promega ladder, lane 2-

pCC2FOS::BG4, lane 3- pSF-OXB20-NH2-10His-EKT::BG4, lane 4- pSF-OXB20-NH2-10His-EKT (control). Aliquots (1 ug) of 

purified plasmid preparations were used in a PCR with primers specific for BG4 ORF were used and reaction products 

electrophoresed in a 1.0% w/v agarose gel.  

 

3.4 Recombinant BG4 displays β-exohydrolase activity on paranitrophenol 

substrates 

Crude protein extracts from E. coli (DH5) containing the BG4 expression construct were tested for 

activity on a number of artificial substrates representing galactose and glucose linked to 

paranitrophenol (pNP) in either an  or β bond configuration. Activity was only observed when 

crude extracts were presented with pNP-β-glucopyranoside (specific activity 0.73 µmol. min-1.mg-1, 

Figure 9). Crude extracts from E. coli (DH5) containing the empty pSF-OXB20-NH2-10His-EKT vector 

showed no activities on any of the pNP-based substrates. These findings confirmed that BG4 

identified from the plate-based functional screening of the metagenomic library was a glucosyl β-

exohydrolase, an activity typified by the β-Glucosidases (Cairns and Esen, 2010).  
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Figure 9: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The hydrolytic activity of these extracts was tested on artificial chromogenic substrates containing 

the two glycosyl moieties in varying bond configurations. Crude protein extracts (50 uL) was incubated with 0.7 mM of 

each substrate and 45 µL HEPES-KOH buffer (50 mM, pH 7) for 10 min at 30 ° C.  The substrates used were α-Gluc (pNP-

α-D-glucopyranoside), β-Gluc (pNP-β-D-glucopyranoside), α-Gal (pNP-α-D-galactopyranoside), β-Gal (pNP-β-D-

galactopyranoside). Crude protein-extracts from E. coli (DH5) transformed with the empty pSF-OXB20-NH2-10His-EKT 

vector were used as a control.   

 

3.5 Recombinant BG4 displays a preference toward aryl-β-glucosides and not 

cellobiose  

Crude protein extracts from E. coli (DH5) containing BG4 expression construct were tested for 

activity on natural β-linked substrates. Activity was observed for all aryl linked glycosides; esculin 

hydrate (1.432 µmol. min-1.  mg-1), salicin (0.830 µmol. min-1.  mg-1), arbutin (0.370 µmol. min-1.  mg-

1) and genistin (0.1265 µmol. min-1.  mg-1; Figure 10). No activity was observed for cellubiose, 

lactose, microcrystalline cellulose or cellulose acetate. Crude extracts from E. coli (DH5) containing 

the empty pSF-OXB20-NH2-10His-EKT vector showed no activities on any of the substrates. These 

findings confirmed that the BG4 ORF identified from the plate-based functional screening of the 

metagenomic library is an aryl-β-glucosides, classifying BG4 as a group ii β-glucosidase. 
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Figure 10: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The preference of BG4 toward various natural substrates was determined using eight natural 

substrates with β-1,4-bond configuration. The substrates included cellobiose (Cellob), lactose (Lact), microcrystalline 

cellulose (MCC), cellulose acetate (CelA), genistin (Genis), arbutin (Arb), salicin (Salic), esculin (Escul), and the 

chromogenic substrate pNP-β-Glucopyranoside (β-Gluc). Crude enzyme extracts (50 µL) were incubated in a 100 µL 

reaction with 10 mM natural substrate in 40 µL HEPES-KOH buffer (50 mM, pH 7) for 10 min at 30 ° C.  

 

3.6 Recombinant BG4 displays optimum activity under slightly acidic 

conditions and prefers esculin hydrate as substrate 

Crude protein extracts from E. coli (DH5) containing BG4 expression construct were tested for 

activity over a temperature range from 10 °C to 60 °C with intervals of 5 °C. Activity increased 

incrementally from 10 °C up to 40 °C when it reached its maximum activity of 0.370 µmol.min-1.mg-

1 (Figure 11A). It sharply decreased above 40 °C and activity was abolished at 60 °C. Crude extracts 

from E. coli (DH5) containing the empty pSF-OXB20-NH2-10His-EKT vector showed no activity 

(data not shown). These findings confirm the optimal temperature for BG4 activity being 40 °C.  

Crude protein extracts from E. coli (DH5) containing BG4 expression construct were tested for 

activity over a pH range of four to ten using various buffers to ensure optimal buffer capacity at each 

pH. The pH optima for BG4 activity was determined to be pH 6 which was tested for with MES-KOH 

(0.469 µmol.min-1.mg-1) and McIlvaine (0.426 µmol.min-1.mg-1; Figure 11B). No activity was 

observed below pH 4 or above pH 8. Crude extracts from E. coli (DH5) containing the empty pSF-

OXB20-NH2-10His-EKT vector showed no activity (data not shown). These findings confirm the 

optimal pH for BG4 activity being pH 6. All subsequent assays were conducted at 40 °C and pH 6 

(MES-KOH).  
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Figure 11: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the 

BG4 expression construct. Optimum (A) temperature was determined over a temperature range of 10 – 60 °C with 

intervals of 5 °C (B) pH was determined over pH range4 – 10 with intervals of 1. Crude enzyme extracts (40 µL) were 

incubated in a 100 µL reaction with 10 mM esculin hydrate in (A) HEPES-KOH (50 mM, pH 7) for 1 h at specified (10 – 

60 °C) temperature or (B) specified buffer (pH 4 – 10) for 1 h at 30 ° C. 

 

Crude protein extracts from E. coli (DH5) containing BG4 expression construct were tested to 

determine the kinetic parameters on four natural substrates with the highest specific activity 

(Figure 10). The maximum velocity of activity (Vmax) and substrate affinity (Km) were determined 

for pNP-β-glucopyranoside (0 mM – 75 mM; Figure 12A), esculin hydrate (0 mM – 30 mM; Figure 

12B), salicin (0 mM – 100 mM; Figure 12C) and arbutin (0 mM – 100 mM; Figure 12D) at 40 °C and 

pH 6. Crude extracts from E. coli (DH5) containing the empty pSF-OXB20-NH2-10His-EKT vector 
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showed no activities on any of the substrates (data not shown). These findings confirmed that the 

BG4 prefers esculin hydrate showing the highest specificity and activity (table 2). 

Table 2: Kinetic analysis of BG4 on four substrates. Enzyme kinetics were determined by measuring BG4 activity over 

substrate range of: Arbutin (0 mM – 100 mM), Esculin hydrate (0 mM – 30 mM), Salicin (0 mM – 100 mM) and pNP-β-

glucopyranoside (0 mM – 75 mM).  

Substrate Vmax (µmol. min-1) Km (mM) Substrate range  (mM) 

Arbutin 0.26 53.30 0 – 100  

Esculin hydrate  0.25 5.15 0 – 30  

Salicin 0.28 24.00 0 – 100  

pNP-β-
glucopyranoside 

0.22 13.08 0 – 75  
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C)  

 

 

 

 

D)  

 

 

 

 

 

Figure 12: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The enzymatic kinetics of BG4 was determined using hydrolysis of substrate gradient and crude 

extracts obtained from E. coli expressing BG4. BG4 activity was assessed for (A) pNP-β-glucopyranoside, (B) Esculin 

hydrate, (C) Salicin and (D) Arbutin. Crude enzyme extracts (40 µL) was incubated in a 100 µL reaction with a 

concentration gradient of various substrates in MES-KOH (50 mM, pH 6) for 1 h at 40 °C. Optimum temperature and pH 

was previously determined using esculin hydrate. 

 

3.7 Recombinant BG4 activity is stimulated by MnCl2 and ethyl acetate and is 

inhibited by detergents and glucose 

Crude protein extract from E. coli (DH5) containing BG4 expression construct was tested for 

activity in the presence of either 10 mM or 10% v/v ions, additives or solvents (table 3). Activity was 

measured using the standard pNP-β-glucosidase assay. MnCl2 showed the highest increase in 

activity (34%) for the ions. ZnCl2 and MgCl2 resulted in a 62% and 33% decrease in activity 
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respectively. The additives did not show any activation but β-mercaptoethanol and SDS resulted in 

a 60% and 90% inhibition respectively. BG4 was inhibited by all solvents apart from ethyl acetate 

which showed a 10% increase in activity. DMSO inhibited BG4 by 50%, ethanol by 15% and propan-

2-ol by 10%. Crude extracts from E. coli (DH5) containing the empty pSF-OXB20-NH2-10His-EKT 

vector showed no activity (data not shown). 

Table 3: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The effect of ions, additives and solvents on BG4 activity was determined using pNP-

glucopyranoside and crude extracts obtained from E. coli expressing BG4. Either 10 mM or 10% (v/v) of ions, additives 

or solvents were incubated with crude enzyme (50 µL) extracted in 100 µL reaction with 0.7 mM pNP-glucopyranoside 

in HEPES-KOH buffer (pH 6) for 10 min at 40 °C.   

 

Treatment Concentration Relative activity (%) 

Ions  

MnCl2 10 mM 133.9 
CoCl2 10 mM 107.2 
NiCl2 10 mM 106.0 
CaCl2 10 mM 105.0 
KCl 10 mM 102.0 
NaCl 10 mM 93.6 
Al(SO4)3 10 mM 83.3 
MgCl2 10 mM 77.2 
ZnCl2 10 mM 38.2 

Additives 

Ethylenediaminetetraacetic 
acid 

10 mM 109.0 

Dithiothreitol 10 mM 104.1 
β-Mercaptoethanol 10% v/v 41.9 
Triton X-100 10% v/v 89.4 
Glycerol  10% v/v 31.3 
Sodium dodecyl sulfate 10 mM 7.5 

Solvents 

Ethyl acetate 10% v/v 110.9 
Propan-2-ol 10% v/v 91.6 
Ethanol 10% v/v 85.7 
Dimethyl sulfoxide 10% v/v 49.2 

No treatment  100* 
* Specific activity at 100 % was 0.489 µmol pNP. min-1. mg total protein -1 
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Crude protein extract from E. coli (DH5) containing BG4 expression construct was tested for 

glucose tolerance from 0 – 100 mM glucose. Activity was measured using the standard pNP-β-

glucosidase assay. At low molarity (1.5 mM) glucose proved to increase activity from 0.029 µmol 

pNP. min-1 to 0.042 µmol pNP. min-1. Concentrations higher than 1.5 mM reduced activity and 50% 

reduction was observed at 200 mM glucose (Figure 13). Crude extracts from E. coli (DH5) 

containing the empty pSF-OXB20-NH2-10His-EKT vector showed no activity (data not shown). 
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Figure 13: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The inhibition of BG4 by glucose was determined by assessing the reduction in pNP-β-

glucopyranoside hydrolysis with increasing amount of glucose present. Crude extracts (40 µL) were incubated incubated 

with glucose (0 to 1000 mM) in a 100 µL reaction with 0.7 mM pNP-β-D-glucopyranoside in MES-KOH buffer (50 mM, 

pH 6) for 10 min at 40 ° C. 

 

3.8 Purified recombinant BG4 is unable to transglycosylate using methanol as 

glucose acceptor 

Crude protein extract from E. coli (DH5) containing BG4 expression construct was tested for 

transglycosylation activity. Activity was measured by a reduction of free glucose in the presence of 

methanol which served as glycosyl acceptor as it is the most frequently used non-carbohydrate 

acceptor. The crude protein extract showed a clear reduction in free glucose but this was evident in 

the empty pSF-OXB20-NH2-10His-EKT vector control (data not shown). BG4 was subsequently 
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purified from the crude protein extract of E. coli (DH5) containing BG4 expression construct using 

the His-tag purification. To ensure purified BG4 was present all the His-tag purification fractions was 

assessed for pNP-glucopyranoside hydrolysis and active fractions used subsequently. The active 

purified BG4 was tested for transglycosylation activity but no reduction in free glucose could be 

observed (Figure 14). BG4 does not have the ability to transglycosylate glucose using methanol as 

an acceptor.  

 

 

 

 

 

 

Figure 14: Following 3 h of growth at 37C, crude protein extracts were isolated from E. coli (DH5) containing the BG4 

expression construct. The crude protein extract was subjected to His-tag protein purification (Protino Ni-TED 1000). The 

purified protein was assessed for transglycosylation ability. Free glucose was used as donor and methanol as acceptor 

in the reaction.  His-tag purified protein (250 µL) were incubated in a 1000 µL reaction with 10 mM glucose and 5% v/v 

methanol in HEPES-KOH (50 mM, pH 7) for 0, 12 and 24 h at 30 ° C.  
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Discussion 

4.1 Functional screening and sequence analysis: the search for BG4 

Functional metagenomics is a powerful tool for (i) accessing the genetic potential of non-culturable 

microorganisms and (ii) the identification of novel enzymes since it relies on the functional 

identification of enzyme activities from any genetic source compared to sequence based 

identification from culturable  microorganisms (Madhavan et al., 2017). Culturable microorganisms 

are considered to represent only 1% of all microorganisms thus, metagenomics is a vital tool for 

accessing and harnessing the genetic potential of microorganisms from any environment 

(Vartoukian et al., 2010). Although metagenomics has the ability to capture the genetic potential 

the expression of novel genes in E. coli have resulted in low hit rate for gene identification (Uchiyama 

and Miyazaki, 2009). The average hit rate for identifying an active enzyme (from any environment) 

is roughly one in 1200 clones screened (Ferrer et al., 2016). Despite this shortcoming, the 

independence of functional metagenomics from prior sequence knowledge can yield completely 

novel gene discoveries. In a study of carbohydrate active enzymes, 64 open reading frames were 

identified from a cow rumen metagenome (Ferrer et al. 2005). Nine open reading frames which 

were isolated using functional screening methods did not share any sequence similarity to known 

carbohydrate active enzymes. This represents the portion of genes which would have been 

overlooked if a sequence based approach was chosen. A study using β-galactosidases 

complementation to screen a soil metagenome in E. coli and Sinorhizobium meliloti identified three 

completely novel β-galactosidases open reading frames. One of the identified genes lacked any 

conserved domains and shared no homology to known β-galactosidases, ultimately representing a 

completely novel enzyme family (Cheng et al., 2017). A study searching for β-glucosidase like activity 

form a soil metagenome also identified a novel β-glucosidase sharing no homology with known β-

glucosidases (Jiang et al., 2009). These reports emphasise the necessity of applying functional 

metagenomics towards novel gene discovery as the enzymes could not have been identified using 

a sequence based analysis due to low sequence similarity.  

In this study, a functional metagenomic approach was applied to identify carbohydrate active 

enzymes from a cellulose-acetate rich environment. The environment suggested that enzymes 

involved in cellulosic degradation and deacetylation could be present. Functional screens of the 
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metagenomic clones were conducted using plate based screening methods. β-Glucosidases (2), 

cellulases (5) and an esterase (1) were identified through screening of the metagenomic clones using 

highly specific plate screen methods (refer to section 3.1, table 2). Screening methods can 

distinguish between different enzymatic activities and allows for preliminary identification of 

activity. The environment from which the metagenomic library was created is cellulose-acetate rich, 

which serves as a carbon source for microorganisms present. β-Glucosidases are vital for the 

complete degradation of cellulose and were therefore expected to be present in this metagenomic 

library.  

 The fosmid library construction was efficient as a high fosmid titre (1.2 × 108) was obtained 

indicating high transformation efficiency and high number of clones were obtained (840). The 

fosmid library yielded only a small number of positive clones when screened for various cellulolytic 

activities. This however corresponds to previously reported studies where between one (Jiang et al., 

2009; Li et al., 2012b) and five (Bergmann et al., 2014) positive clones were identified using similar 

methodologies from soil metagenomes. The scope of this study was too biochemically characterise 

one β-glucosidase specifically with regards to characteristics generally required for second 

generation biofuel production (refer to section 1.2.1). One β-glucosidase indicating black halo 

formation on the plate base screen was selected, sequenced and analysed to ascertain sequence 

information of the active fosmid. 

Sequence analysis revealed 31 distinct ORFs in total which were subsequently assessed by BLASTx 

analysis. One ORF was identified as a putative β-glucosidase and named BG4. The top three BLAST 

hits (66 – 64%) all belonged to candidatus Saccharibacteria which is a candidate phylum of bacteria 

originally identified in soil samples (Rheims et al., 1996). BG4 was further analysed to ascertain 

domains present which revealed two distinct GH1 family domains. The presence of multiple 

domains in glycosyl hydrolases have been described since sequence based classification started 

(Henrissat and Bairoch, 1993). This two domain architecture, a catalytic C-terminal domain and a 

non-catalytic N-terminal domain, is routinely observed for GH3 β-glucosidases but is rarely seen in 

GH1 family β-glucosidases although some reports exists (Kim et al., 2007; L. et al., 2014). The first 

domain is the N-terminal signature domain (FLWGAATSAHQVEGG) and the second the active site 

domain (IIVTENGVA) for GH1s. The active site corresponds to the well-defined active site for GH1 
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([LIVMFSTC]-[LIVFYS]-[LIV]-[LIVMST]-E-N-G-[LIVMFAR]-[CSAGN]) with the glutamate (E) being the 

active site residue (https://prosite.expasy.org/cgi-bin/prosite/nicedoc.pl?PS00572). The glutamate 

active site residue has been proven to be essential for activity of GH1 enzymes (Withers et al., 1990). 

The original BLASTx results were further assessed and the six β-glucosidases showing the highest 

similarity towards the GH1 domain were selected for protein sequence alignment (refer to section 

3.2, Figure 6). The accessions were all classified as β-glucosidases and phosphor- β-glucosidases 

except for one, Q2G2D5, which was a β-galactosidase. Both were however GH1 family proteins 

explaining the similarity. BG4 showed the highest similarity towards P26208.1 which is a 

characterised β-glucosidase isolated from Clostridium thermocellum (Grabnitz et al., 1991). All of 

the β-glucosidase accessions except P24403.1 were classified as true β-glucosidases with cellobiose 

being the preferred substrate. P24403.1 was classified as an aryl-β-glucosidase supposedly 

preferring aryl-glucosides but this was not experimentally proven (Fujishima and Yamane, 1995). 

Due to the diverse classification of the proteins related to BG4 it could not be deduced what activity 

was to be expected. One commonality was that all six β-glucosidases were of bacterial origin which 

suggest BG4 originates from a soil bacterium. This is further corroborated by the similarity 

candidatus Saccharibacteria which is a known soil bacterium.  

4.2 Characterisation of BG4 

According to sequence analyses BG4 it is a β-glucosidase belonging to the GH1 family which is 

frequently described in literature and assessed for potential for bioethanol production (Biver et al., 

2014; Crespim et al., 2016; Jeng et al., 2011). A major advantageous characteristic described for GH1 

β-glucosidases is higher glucose tolerance and/or activation by glucose (Pang et al., 2017).  Other 

characteristics also include pH-, temperature- and ethanol tolerance (Biver et al., 2014; Fusco et al., 

2018; Martin et al., 2014) and activity on other important substrates (Li et al., 2012b; Swangkeaw 

et al., 2011). BG4 was recombinantly expressed in order to determine the (i) substrate preference 

(ii) optimum biochemical parameters and (iii) enzymatic kinetics of β-glucosidase activity.  
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4.2.1 Recombinant BG4 is a group ii β-glucosidase selectively hydrolysing aryl- β-

glucosidases 

β-Glucosidases hydrolyse the β-glycosidic bonds between two carbohydrates or a carbohydrate and 

non-carbohydrate moiety. In order to validate BG4’s classification the activity towards chromogenic 

substrates with alternative bond configurations and glycosyl moieties were tested (refer to section 

3.4, Figure 8). BG4 showed activity exclusively towards pNP-β-D-glucopyranoside (0.729 µmol. min-

1. mg-1). This confirms the original sequence analysis and validates that classification of BG4 of 

glucosyl β-exohydrolase. The addition of pNP-α-D-glucopyranoside, pNP-α-D-galactopyranoside 

and pNP-β-D-galactopyranoside was to elucidate if the BG4 might have activity towards any other 

natural glycosidic substrates ,which  have been reported for β-glucosidases, such as sophorose (α-

1,2-glucose), gentiobiose (β-1,6-glucose), lactose (β-1,4-galactose) and laminarin (α-1,3-glucose) 

(Uchiyama et al., 2013; Wei et al., 1996).  

β-Glucosidase are generally divided into three subgroups with regards to substrates specificity, the 

(i) true β-glucosidases, which hydrolyse cellobiose/cellooligosaccharides to produce glucose; (ii) 

aryl-β-glucosidases, which are only active towards aryl-glucosides or (iii) broad specificity β-

glucosidases, which show activity on a broad spectrum of substrates (Singhania et al., 2013). Most 

β-glucosidases are classified in as broad specificity and usually show greater activity towards 

cellobiose than aryl-glucosides (refer to section 4.2.2, table 4). A broad natural substrate range was 

used to determine which group BG4 can be classified into (refer to section 3.4, Figure 8). 

Interestingly, BG4 selectively hydrolysed aryl-β-glycosides which classified it in the least common 

group of β-glucosidases, the aryl-β-glucosidases (group ii). The specific activities was as follow 

esculin hydrate (1.43 µmol. min-1.  mg total protein-1), by salicin (0.83 µmol. min-1.  mg total protein 

-1), arbutin (0.37 µmol. min-1.  mg total protein -1) and genistin (0.13 µmol. min-1.  mg total protein -

1).  

The specific activities measured for BG4 using pNPG was 1.77 µmol. min-1.  mg total protein-1 which 

seems quite low when comparing to other β-glucosidases isolated (refer to section 4.2.3, Table 4). 

Due to the lack of purification of BG4 it cannot be directly compared to listed β-glucosidases as they 

were all purified to homogeneity. Purification of an enzyme leads to significant increase of enzyme 

Stellenbosch University  https://scholar.sun.ac.za



 

38 

 

activity (Berg et al., 2002). This is true for β-glucosidases also and would have to be considered in 

future for full biochemical characterisation (Murray et al., 2004) 

4.2.2 Recombinant BG4 is optimally active at moderate temperature and slightly acid 

conditions 

The temperature and pH optima were determined using BG4’s preferred natural substrate, esculin 

hydrate. Industrially temperature and pH are important for optimal activity when considering 

possible applications. BG4 was active over a pH range of 4 to 9 with optimal activity at pH 6. This 

corresponds to the general pH optimum of β-glucosidases (4 to 7; https://www.brenda-

enzymes.org/ enzyme.php?ecno=3.2.1.21). A pH optimum of 6 also corresponds to various enzymes 

isolated from soil metagenomes (Li et al., 2012a; Nacke et al., 2012; Wang et al., 2012). Aryl-β-

glucosidases are routinely applied as flavour enhancers in beverages such as wine, beer and fruit 

juice, which is achieved by the release of aromatic molecules from their glycosylated inactive form 

(Bhatia et al., 2002). The pH of these beverages ranges from 2.5 for fruit juices (Birkhed, 1984; 

Sheehan et al., 2007) to 4.4 for beers (Kaneda et al., 1997) with wine in the middle (2.9 to 3.8; 

Boulton, 1980; Fischer and Noble, 1994). The acidic nature of these beverages makes BG4 

inapplicable for beverage processing described above. Aryl-β-glucosidases are also applied in food 

processing where it is used to increase bioavailability of vitamin B6 in plant based foods, hydrolyse 

daidzin and genistin to reduce bitterness and increase nutritional value of soy bean products 

(soybean cooked syrup, soymilk, tofu) and hydrolysis of cyanogenic glycosides present in cassava 

root. The pH of these processes allows for BG4 application as they are generally in the neutral (pH 

7; Sugimoto and van Buren, 1970) to slightly acidic range (pH 6; Akinrele, 1964). BG4 was active over 

a temperature range of 10 to 55 °C with optimum activity at 40 °C. This suggests BG4 originated 

from a mesophilic bacteria having optimal growth between 20 and 45 °C (Ingraham, 1958). Soil 

isolated enzymes, including β-Glucosidases, routinely show optimum activity under mesophilic 

conditions (Biver and Vandenbol, 2013; Iqbal et al., 2012; Voget et al., 2006; Yun et al., 2005; refer 

to section 4.2.2, table 4). Industrially β-glucosidases with high temperature tolerance is preferred 

for cellulosic biomass degradation but as BG4 is a strict aryl- β-glucosidases this attribute is not vital 

for industrial applications (Elleuche et al., 2014). 
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4.2.3 Recombinant BG4 is highly active on aryl-β-glucosidases and prefers esculin 

hydrate as substrate 

β-Glucosidases with the ability to hydrolyse aryl-glycosides are not scarce as most show broad 

specificity towards glycosidic substrates (refer to section 4.2.2, table 4). It is however evident that 

β-glucosidases with the ability to hydrolyse aryl-glucosides generally do so at a much lower specific 

activity and it is very rarely the preferred natural substrate. BG4 activity towards substrates with 

the highest specific activity was further assessed to elucidate the enzymatic kinetics towards each. 

The preferred substrate of BG4 was esculin hydrate with a Km of 5.15 mM and Vmax of 0.25 µmol 

glucose. min-1. Esculin hydrate was followed by pNP-β-D-glucopyranoside (13.08 mM and 0.22 µmol 

pNP-β-D-glucopyranoside. min-1), salicin (24 mM and 0.28 µmol glucose. min-1) and arbutin (53.3 

mM and 0.26 µmol glucose. min-1). The preference of esculin hydrate over pNP-β-D-glucopyranoside 

is a unique attribute of BG4 compared to other β-glucosidases which could imply applicability as a 

coumarin-β-glucosidase in industry.  The general selectivity for aryl-β-glucosides instead of 

cellobiose makes it applicable in the aryl-β-glucosidases required industries. The higher Km values 

compared to other characterised β-glucosidases (refer to section 4.2.2, table 4) can be attributed to 

the substrate ranges applied. In this study the substrate concentrations was high enough for BG4 to 

reach saturation and activity to plateau. Thus a true representative of Vmax and Km is seen. This is 

contradictory to most other studies characterising β-glucosidases where a very small substrate 

range is assessed such as 0.5 – 2.5 µM (Li et al., 2012b),  1 – 10 mM (Jiang et al., 2009) and 0.0625 – 

4 mM (Uchiyama et al., 2015). Due to the lack of reaching saturation they tend to show lower Km 

values.
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Table 4: Table indicating temperature optimum, pH optimum, substrate specificity and enzymatic activity of β-Glucosidases.  

Microorganism / source Optimum Natural substrate 
peference 

Activity (pNPG) Reference 

Temperature 
(°C) 

pH Specific1 Km (mM) 

Soil metagenome 40 6 Esculin hydrate, Salicin, 
Arbutin, Genistin 

1.77 13.08 This study 

Mangrove soil metagenome 40 6 Daidzin, Genistin NR 0.23 (Li et al., 2012a) 

Cattle rumen metagenome 38 5 NR 2500  0.31 (Li et al., 2014) 

Soil metagenome 42 8 Cellobiose, Salicin 3.36 0.19 (Jiang et al., 2009) 

Soil 
metagenome 

AS-Esc10 60 8 Salicin, Esculin, Arbutin, 
Cellobiose 

4.08 0.2 (Biver et al., 2014) 

AS-Esc6 40 8 25.77 1.14 

Marine microbial 
metagenome 

40 6.5 Cellobiose 50 0.39 (Fang et al., 2010) 

Bursaphelenchys xylophilus 
metagenome 

38 8 Cellobiose, Lactose, 
Salicin, Lichenan, 

Laminarin, Sopharose 

180.3 2.33 (Zhang et al., 2017) 

Kusaya gravy metagenome 45 5 – 6.5 Cellotetraose, Cellotriose, 
Laminaribose, Cellobiose, 

Cellopentaose, Sophorose, 
Salicin 

53.9 0.078 (Uchiyama et al., 2015) 

Thermoascus aurantiacus 80 4.5 Cellobiose, Arbutin, 
Esculin hydrate, methyl-β-

glucoside, salicin 

190 0.1137 (Parry et al., 2001) 

Aureobasidium pullulans 75 4.5 Cellobiose, Salicin, CMC, 
Trehalose, Lactose, 

Sucrose 

315 1.17 (Saha et al., 1994) 
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Fomitopsis palustris 70 4.5 Cellobiose 191 0.117 (Yoon et al., 2008) 

Talalaromyces emersonii 71.5  Salicin, Cellobiose 512 0.13 (Murray et al., 2004) 

Paecilomyces thermophila 75 6.2 Cellobiose, Sopharose, 
Genistin, Gentibiose,  

Cellotriose, Gentibiose 

97 0.26 (Yang et al., 2008) 

Monascus purpureus 50 5.5 Maltose, Cellobiose, 
Salicin 

84 0.23 (Daroit et al., 2008) 

1 Specific activity reported (µmol product produced per minute per milligram of protein); NR Not reported for enzyme
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4.3 Recombinant BG4’s industrially relevant characteristics 

4.3.1 Recombinant BG4 activity is greatly increased by MnCl2 and shows resistance 

towards ethyl acetate 

The effect of ions, additives and solvents on BG4 activity was determined to assess further possible 

relevant characteristics (refer to section 3.7 table 3). EDTA showed a slight activation of activity 

indicating that divalent cations are not required for activity. Manganese chloride did however show 

result in a great increase in activity (30%) which has been reported for other β-glucosidases (Jeng et 

al., 2011; Park et al., 2005; Uchiyama et al., 2013). Strong inhibition of 62% was also seen for zinc 

chloride which corresponds to other metagenomically derived β-glucosidases (Biver et al., 2014; 

Uchiyama et al., 2015, 2013). This suggest that mangenese chloride should be included in future 

industrial application analysis. Additives indicated mostly inhibition and most notably a decrease of 

92%, 68% and 11% for 10 mM SDS, 10% v/v glycerol and 10% v/v triton respectively, indicating the 

sensitivity of BG4 towards detergents. This is probably due to detergents disrupting the hydrophobic 

interactions which contribute to protein stability (Womack et al., 1983). The strong inhibition of SDS 

have been widely reported for β-glucosidases  (Kitpreechavanich et al., 1986; Painbeni et al., 1992; 

Riou et al., 1998). BG4 activity was lowered by all solvents except ethyl acetate which increased 

activity by 10 %. BG4 does however show resistance towards 10 % propan-2-ol and ethanol retaining 

90 and 85 % of activity respectively. This resilience is important for solubilisation of water insoluble 

isoflavones such as daidzin and genistin (Wu et al., 2010). Thus this characteristic enables the 

utilisation of BG4 to liberate aglycones from aromatic precursors. 

4.3.2 Recombinant BG4 is inhibited by glucose exceeding 1.5 mM 

Glucose is a major and well-defined competitive inhibitor of β-glucosidases (Bhatia et al., 2002; Li et 

al., 2012a; Singhania et al., 2017). BG4 was activated by low glucose concentration but inhibited by 

concentrations exceeding 1.5 mM (refer to section 3.7, Figure 13). The activation of BG4 by glucose 

is similar to activation previously reported for GH1 β-glucosidases (Pang et al., 2017, Yang et al., 

2015). BG4 is however still glucose sensitive which does not align with possible industrial 

applications. Glucose sensitivity is especially important when a batch reaction method is considered 

because glucose will build up and inhibit β-glucosidase activity. Thus if BG4 is applied in industry 

glucose liberated will be a major inhibitor and should be continually removed.  
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 4.3.3 Recombinant BG4 has no transglycosylation ability with methanol as acceptor 

Transglycosylation activity holds potential in the medical industry as various biologically active alryl-

, alcohol-glycosides or oligosacchrides can be produced (Ahmed et al., 2017; refer to section 1.2.4). 

Transglycosylation activity have been reported for some β-glucosidases but not present in all β-

glucosidases (Krisch et al., 2010). Among aryl-β-glucosidases none have been reported with 

transglycosylation ability but numerous group iii (broad specificity β-glucosidases) have been 

reported that can transglycosylate using aryl-β-glucosides as substrates. Although few reports of 

transglycosylating aryl- β-glucosidases exist BG4’s transglycosylation ability was assessed. During 

transglycosylation a donor glucose molecule is transferred to either a glycone or aglycone acceptor 

molecule. Methanol is the most widely reported aglycone acceptor molecule reported in literature 

and was subsequently use for transglycosylation assessment (peerj, parry2001). BG4 

translycosylation was initially assessed using crude total protein but no difference could be seen in 

the glucose reduction between BG4 and control (data not shown). This is not surprising when 

considering E. coli, thus it’s cellular proteins, readily utilises glucose as preffered carbon source 

(Aidelberg et al., 2014). Thus BG4 was purified using His-tag purification and the fractions was 

assessed for β-glucosidase activity by using standard a pNP-β-pyranoside hydrolysis assay (data not 

shown). The active fractions was then used to assess transglycosylation. The purified BG4 showed 

no translycosylation for methanol as acceptor molecule after 24 h incubation with 5 mM glucose 

(refer to section 3.8, Figure 14). Interestingly, in recent studies, a possible link between GH1 glucose 

tolerance and transglycosylation ability have been proposed (De Giuseppe et al., 2014). Based on 

the protein structure of GH1 β-glucosidases it is proposed that glucose cannot attach to the active 

domain due to physical exclusion which results in higher glucose tolerance and higher 

transglycosylation. This could explain BG4’s lack of glucose tolerance and transglycosylation ability. 

In this study methanol was used as the glycosidic acceptor and although it is widely reported in 

transglycosylation studies other acceptors also exist such as other alcohols (ethaol and propan-2-ol) 

or disaccharides (cellobiose, gentiobiose, laminariobiose; Christakopoulos et al., 1994; Park et al., 

2005).  
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4.4 Proposed industrial application for recombinant BG4 

Medically aryl-β-glucosidases are applied to release biologically active aglycones from glycosylated 

precursors (refer to section 1.2.3 – 1.2.4). The molecules released are of value as the aglycone shows 

higher biological activity (Vocadlo and Davies, 2008). BG4 is able to hydrolyse genistin which has 

industrial value for aglycone release. Daidzin and gensitin are isoflavones which are routinely 

solubilised in ethyl acetate giving BG4 another advantage as it shows a slight activation by addition 

of 10 % ethyl acetate. BG4 also hydrolyses salicin and produces salicyl alcohol and glucose (Hudson 

and Paine, 1909). Salicyl alcohol is a precursor for salicylic acid which is widely applied in the health 

and personal care sectors (Transparency Market Research, 2013). In the health sector salicylic acid 

is applied in aspirin production which is used for diverse medical applications such as pain relief, 

anti-inflammation, anti-platelet and cardiovascular health (Yeomans, 2011). In the personal care 

sector, which is the fastest growing, it is used for (i) skin ailments such as pimples, acne, black heads 

and warts and used for (ii) hair products to reduce hair loss and dandruff (Transparency Market 

Research, 2013). The hydrolysis of esculin hydrate suggests that BG4 can be used to release 

coumarins from coumarin glycosides, which also show high biological activity and are used as 

pharmaceuticals to treat lymphedema (Farinola and Piller, 2005),  blood clotting and certain cancers 

(Rohini and Srikumar, 2014). New coumarin-glycosides reported can also be hydrolysed and 

biological activity assessed. Arbutin is a hydroquinone glycoside which also indicates that BG4 can 

be used for the release of hydroquinones. Other industrial important aromatic-glycoside substrates 

also exist such as  

BG4 hydrolyses a range of naturally occurring aromatic glucosides which have vast amounts of 

known and yet to be discovered biological activities and can that be used as pharmaceuticals. The 

inhibition of BG4 by glucose, a product of hydrolysis can be overcome by creating a continues flow 

system where BG4 can be immobilised on a cylindrical reactor and the products continually 

removed. This method has been proposed previously for β-glucosidases (Fujikawa et al., 1987; 

Schwarz et al., 2009) and the immobilisation would be beneficial for enzyme reuse and increased 

stability toward temperature, pH and solvents (Rani et al., 2014). 
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Conclusion and future work  

In conclusion, BG4 is a unique β-glucosidase isolated form a cellulose-acetate rich environment. BG4 

was highly specific towards aromatic glucosides and had no activity towards cellobiose. The 

identification of a strict aryl-β-glucosidase in this environment is surprising as the high prevalence 

of cellulose-acetate might have suggested that a cellobiose active β-glucosidase would rather be 

present. It is however vital to consider that the acetate moieties present on cellulose-acetate has to 

be removed prior to cellulose hydrolysis and here I suggest that BG4 could have this primary activity 

in its natural environment.  The ether bond that exists between the aromatic glycosides which BG4 

is active on is the same as the bond between glucose and acetate. This suggests an accessory role 

of BG4 during cellulose acetate hydrolysis. The deacetylation of glucose-acetate and cellulose-

acetate by BG4 has to be assessed and BG4 could thus play an important role in future cellulose-

acetate bioremediation efforts.  

BG4 crude protein specific activity was rather low when compared to other β-glucosidases. This is 

however prior to purification which is expected to increase the activity as previously seen when 

purifying. BG4 had very high selectivity towards naturally occurring aromatic glycosides tested and 

can be used to release biologically potent aglycones. BG4 shows optimal activity at moderate 

conditions (temperature and pH) which makes it inapplicable for the beverage industries as they 

require activity at lower pH but BG4 could still be applied in the food and medical industries. BG4 

has the highest specificity for esculin hydrate suggesting it can be used for coumarin glycoside 

hydrolysis to release hydroquinones. It also shows high activity towards salicin and can be used for 

salicyl alcohol production, which in turn is used for production of cosmetics. Finally, BG4 has the 

ability to hydrolyse daidzin and genstin which are isoflavonoids with potent aglycones. The 

robustness of BG4 towards solvents is essential for this application as aromatic-glycosides have low 

solubility in water.  

The future experimentation is required to assess the full industrial application. These include testing 

a broader range of aromatic glycosidase with industrial potentials such as flavonoid glucosides, 

flavonol glucosides and coumarin glucosides. The lack of transglycosylation ability can be explained 

by the low glucose tolerance of BG4 but could also be due to the wrong acceptor molecule applied 

and will be reassessed by applying other acceptors such as a disaccharide or aryl-glucoside which 
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will require HPLC analysis. To produce an industrially relevant production method a continuous flow 

reactor will have to be assessed. This will be done by optimising the method of immobilisation, 

reassessing the optimal biochemical conditions, determining the enzyme kinetics for selected 

substrate and testing the continuous flow reactor.  

This study applied functional metagenomics towards the identification of a novel β-glucosidase 

(BG4) indicating the power for novel gene identification. BG4 is a group ii β-glucosidase with the 

unique ability to selectively hydrolyse aryl-β-glucosides and have no activity towards cellobiose. This 

is the least reported group of β-glucosidases and BG4 can thus can provide vital information 

regarding structural characteristics which contribute to the substrate specificity. Furthermore, BG4 

can be applied towards cosmetic and medical applications where aryl-β-glucosides hydrolysis is 

required for the release of biologically potent aglycone moieties.   
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