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Abstract 
Like all plants, grapevines are host to a plethora of microorganisms. During the winemaking 

process, the microflora of the grape surface can be transferred into the fermentation 

environment. While the yeast Saccharomyces cerevisiae is the main driver of alcoholic 

fermentation during wine production, it has become apparent that other grape and cellar-

derived microbes can have a significant impact on fermentation and the resulting wine. This 

impact is manifested in the sensorial differences between wines resulting from inoculated 

fermentations and spontaneous ‘wild’ fermentations and is attributed to the various 

secondary metabolites and enzymes these microorganisms produce.  

Carbohydrate active enzymes can affect the composition of grape juice by altering the 

extractability and organoleptic properties of many wine compounds. Of these enzymes, 

glycoside hydrolases mediate hydrolysis of glycosides and are found ubiquitously through 

nature. Micro-organisms, especially those associated with plants, use glycoside hydrolases 

to afford access to plant resources by degrading the plant cell wall and similarly soil 

microbes utilise these enzymes during degradation and composting of plant material. 

During winemaking, glycoside hydrolases have the potential to affect the breakdown of 

complex sugars in plant cell walls, which can aid in juice extraction and clarification. 

Glycoside hydrolases can also mediate the release of volatile flavour and aroma 

compounds from glycosyl-linked, non-volatile precursors. These enzymes therefore 

represent an attractive target for biotechnological applications. 

A combination of metagenomics and synthetic biology were used to explore the enzymatic 

potential of two grapevine derived environments, an Chardonnay grape must (CGM) and a 

mixed varietal grape marc (MVGM), with the aim of identifying novel enzymes with potential 

applications as winemaking adjuncts. The CGM was specifically selected as a source of 

fungal microbiota native to the grapevine, whilst the grape marc was chosen as a source of 

plant decomposing microorganisms from a glucose-limited environment. Whole genome 

sequencing and bioinformatic techniques were used to probe the genomic landscape of 

these two environments, identify enzymes of interest, assess the types of microbiota 
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present in the microbial communities and where possible assemble microbial genomes. The 

two environments contained very distinct microbial communities. As expected, the 

Chardonnay must community comprised a high portion of fungal genomes whereas the 

MVGM was dominated almost exclusively by bacteria.  

Five candidate polygalacturonases, with potential applications in wine clarification, and 

seven β-glucosidases, with potential applications in wine aroma and flavour, were chosen 

for heterologous expression in Pichia pastoris and Saccharomyces cerevisiae. Two of the 

selected polygalacturonases exhibited significant levels of activity at wine pH and were 

tested for in-wine activity, using recombinant S. cerevisiae strains in fermentation 

experiments with synthetic grape must. With future testing in real grape juice, these 

enzymes and S. cerevisiae strains could be leveraged to improve juice extraction and 

clarification during winemaking.  
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Chapter 1: Introduction and Literature review 

A brief history of bioprospecting 
“Bioprospecting” was coined in the 1980s, but its essence, the exploration of biological 

sources for resources of value, is an age-old concept.  Although micro-organisms were only 

discovered in the 1680s (Gest, 2004), humans have been inadvertently harnessing their 

biochemical abilities to produce fermented beverages for millennia. The ability of yeast to 

catalyse fermentation was proven in the 1860s (Manchester, 1995) and the isolation of pure 

yeast cultures in 1888 (Hildebrand, 1938). Shortly thereafter, in 1890, these pure yeast 

cultures were first used to inoculate wine ferments, introducing stability and reliability to 

“modern” winemaking (Pretorius, 2000) by enhancing fermentation and reducing the 

influence of the native microbiota by competitive inhibition. Since then, isolation of novel S. 

cerevisiae strains has become a staple of oenological research in order to prompt better 

and tailored winemaking and more interesting wine. More recently, focus has shifted to non-

Saccharomyces yeast as sources of diverse activities not found in S. cerevisiae strains.  

Bioprospecting in a genomic age 
The advent of next generation sequencing has broadened the scope of bioprospecting 

(Oulas et al., 2015). Primarily, this is a consequence of metagenomic sequencing (i.e. 

sequencing of genetic material recovered directly from environmental samples) which 

allows access to the genetic diversity of unculturable microbial communities, including a 

plethora of previously unidentified microorganisms. Sequencing based bioprospecting can 

be applied to any kind of microbial community from which genetic material can be obtained 

and has invigorated research in areas such as bioremediation, nanotechnology, drug 

discovery and development, biocatalyst and antimicrobial discovery, with applications to 

agriculture, medicine, food and pharmaceutical industries. However, its potential in a wine 

industry context is yet to be realised.  

A metagenomic based approached to bioprospecting typically focuses on the identification 

of enzymes of interest from a microbial community (Prakash and Taylor, 2012). As much of 

the microbial DNA as possible is extracted from the given environment, is sequenced and 
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assembled, and sequences are then interrogated by homology-based search tools to 

identify proteins which show homology to proteins of interest. Once enzymes of interest 

have been identified, candidate sequences can be tailored to (e.g. codon bias) and 

expressed in a host organism and screened (Hess et al., 2011, Schmeisser et al., 2007). 

This metagenomic sequencing approach eliminates culturing dependences but is 

dependent on acquiring a sufficient amount of DNA, sequencing depth to produce a high-

quality metagenome and prior knowledge of structure of the enzyme of interest. However, 

the sequencing data can also be re-analysed as knowledge of protein structure and 

functional predictions are improved and also mined for other purposes. 

Bioprospecting the microbiota of spontaneous fermentations 
Spontaneous (‘wild’) fermentations, which proceed without the inoculation of selected 

microbial starter cultures, have highly diverse microbial communities (Pinto et al., 2014). A 

large proportion of this diversity originates from the microbiota native to the grapevine, Vitis 

vinifera, and is supplemented by microorganisms present in the winery (Pinto et al., 2014). 

Moreover, the microbial communities across different grape fermentations have also been 

shown to differ and can vary according to region, climate, grape variety, age of the vineyard 

and levels of domestication (Bokulich et al., 2014, Zarraonaindia et al., 2015, Masneuf-

Pomarede et al., 2015, Stefanini et al., 2016).   

Through the production and secretion of secondary metabolites and a range of enzymes, 

microbial communities that are native to the grape surface can affect the outcomes of the 

winemaking process (Masneuf-Pomarede et al., 2015, Verginer et al., 2010). Consequently, 

the effects that grape microflora exert on wine has driven the bioprospecting of non-

Saccharomyces yeasts from this environment. Research has primarily focused on the 

isolation of non-Saccharomyces yeasts from spontaneous fermentations and characterising 

their whole-cell attributes, with the aim of identifying alternate commercial starter cultures. 

Bioprospecting of non-Saccharomyces yeasts has been shown to be highly successful but 

is limited to species that can be cultured and which produce the desired activity under 

winemaking conditions. For example, recent work by Belda et al. (2016), reported relative 
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enzyme activities of yeast isolates from three winemaking regions. Fifteen different species 

were isolated and identified by partial sequencing of the 26S large subunit rRNA and 

screened for β-glucosidase, β-lyase, protease, cellulase, polygalacturonase, α-L-

arabinofurnosidase and sulphite reductase activities. Enzyme activities of interest were 

identified in several yeasts under winemaking conditions, including Hanseniaspora uvarum, 

Metschnikowia spp. and Lachancea thermotolerans. However, the enzyme activities of the 

isolated microorganisms were highly variable, with high β-glucosidase and protease 

activities, but low cellulase, polygalacturonase and α-L-arabinofurnosidase (glycosidase) 

activities generally observed. 

Bioprospecting of Grape Marc 
An estimated 10 - 20% of grape mass is comprised of insoluble material such as grape 

seeds, stems and skins (Dávila et al., 2017). These materials remain after winemaking and 

are referred to as grape marc. Grape marc is complex, consisting of residual sugars, 

proteins, fats, polyphenols, an abundance of polysaccharides and other complex molecules 

(Bravo and Saura-Calixto, 1998). As such grape marc is colonized by microorganisms 

capable of producing extracellular lytic enzymes in order to obtain nutrients and in many 

cases these types of enzyme activities have relevance to industry. Despite the potential of 

grape marc as a source of microorganisms and genes encoding useful enzyme activities, it 

has been little targeted for bioprospecting, with only one publication describing the isolation 

of novel yeast strains for industrial applications (Favaro et al., 2013). Similar to 

bioprospecting of yeasts isolated from spontaneous fermentations, these yeasts were 

tested for pectinase, lipase, amylase, protease, xylanase and cellulase activities (Favaro et 

al., 2013).  

Enzymes for winemaking  
Enzymes are an alternate target to whole cells for bioprospecting. The global market for 

industrial enzymes has been estimated at $4.2 billion and is continuing to grow (Singh et 

al., 2016). The growth in the enzyme market is supported by concerns about sustainability, 

environmental friendliness, improving efficiency and reducing costs. Enzymes are a means 

to target and actuate specific chemical reactions without the use of chemical pollutants and 
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at milder conditions.  Unlike the use of genetically modified organisms (GMOs), enzymes 

are viable under current regulation whilst still affording access to beneficial characteristics 

from heterologous sources. In winemaking, enzyme formulations are used to enhance wine 

organoleptic (affecting flavour or aroma) properties or aid in wine production. Relying on 

microorganisms to achieve the same end, as happens in traditional winemaking practice, 

carries the risk of wine spoilage and other undesirable outcomes. There is interest, 

therefore, in the development of novel enzyme formulations with improved winemaking 

attributes. However, these enzymes will only be useful if they are functional in winemaking 

conditions which are often challenging to enzyme activity. Wine temperature, pH, sugar 

concentrations, substrate competition, sulphur dioxide additions and numerous other 

variables, can all potentially impact on enzyme activity (Benucci et al., 2015). As an 

additional challenge the progression of fermentation changes these conditions 

substantially. At the beginning of fermentation, grape must (the mixture of grape juice, 

stems, seeds and skins) is a nutrient rich environment with a low pH, high osmotic pressure 

caused by the high sugar content, a mixture of simple sugars such as glucose and complex 

polysaccharides, soluble and insoluble components as well as various minerals and other 

compounds. As alcoholic fermentation proceeds the simple sugars are converted into 

ethanol and many parameters, such as pH, shift.   

Temperature is often used to control fermentation rate and is well known to affect enzyme 

activity. Typically, winemaking temperatures are 20-30 oC for red wines and 7-15 oC for 

white wines (Reynolds et al., 2001). There is also an increasing preference for low-

temperature winemaking due to the potential to reduce negative effects on flavour (Molina 

et al., 2007, Reynolds et al., 2001). Thus there is growing interest in developing enzymes 

that have low-temperature optima (De Santi et al., 2016).  

Carbohydrate active enzymes 
Carbohydrates are an important part of grape composition and are unevenly distributed 

between the cell layers of grape berries. These carbohydrates can affect extraction of 

various compounds into grape juice with a range of efficiencies depending on cell type and 

winemaking practice (Sacchi et al., 2005). Although there is variation in the exact 
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composition between cultivars (Ortega-Regules et al., 2007), grape berries can be 

separated into three main types of tissue: the skin, the pulp and seeds. Pulp cells within 

mature grape berry are large, having swollen during ripening. They represent the main 

storage areas of free sugars and organic acids and are the source of most of the 

constituents of the final grape juice (Vidal et al., 2001, Saulnier and Thibault, 1987). The 

walls of the grape pulp cells are primarily composed of pectin and cellulose and soften 

during ripening (Doco et al., 2003). Pulp cells are easier to lyse than skin and seed cells 

and consequently, their cell wall components are more likely to be extracted into the grape 

juice. Following juice extraction, fermentation and winemaking, the pectin and other plant 

cell wall carbohydrates that are released from the pulp cell walls, can interfere with 

clarification and therefore are targeted for removal during clarification processes.  

In contrast to the sugars and acids that are released from pulp cells, a significant portion of 

the phenolic compounds (anthocyanins and tannins), which contribute to the aroma, colour 

and texture of wine, are extracted primarily from the skin cells of the grape (Sacchi et al., 

2005). Skin cells are typically tightly packed, have sturdier cell walls than pulp cells and are 

protected by wax layers to diminish penetration by fungal pathogens (Gabler et al., 2003). 

As such, grape berry skin cells are more resistant to cell wall degrading enzymes than pulp 

cells and the integrity of the skin cell wall affects the extraction of the organoleptically 

beneficial compounds that they contain. However, similar compounds derived from grape 

seeds typically contribute to negative wine characteristics such as bitterness. Consequently, 

grape juice extraction methods need to enhance extraction from grape skins but also avoid 

negative contributions from the grape seeds. 

Various enzymes are active on carbohydrates such as those found in plant cell walls. These 

vary by mechanism, target substrate or substrates, efficiency, and response to physiological 

conditions. For example, glycoside hydrolases (or glycosidases) facilitate hydrolytic 

cleavage of glycosyl bonds. Similarly, polysaccharide lyases depolymerise polysaccharides 

through β-eliminative cleavage (Yip and Withers, 2006) whereas lytic polysaccharide 
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monooxygenases use an oxidative mechanism to cleave polysaccharides (Hemsworth et 

al., 2013, Vaaje-Kolstad et al., 2010). 

Glycoside hydrolases (GHs) are ubiquitous throughout nature, with as many types as there 

are glycoside substrates. However, S. cerevisiae generally exhibits low GH activity, 

although GH activity is commonly observed other yeasts associated with wine (Moreno-

Arribas and Polo, 2005, Capozzi et al., 2015). Decaying plant material, such as grape marc, 

is also an important niche for GH active microorganisms, as has been demonstrated for 

biofuel development (Li et al., 2009, Li et al., 2011).  

The mechanism of action by glycoside hydrolases is broadly conserved. Most GHs utilise a 

pair of amino acid residues which act as a nucleophile and proton donor pair to introduce 

water across the glycosyl bond (Davies and Henrissat, 1995). These amino acid residues 

can be supplied by a single monomeric unit or by multiple units in a more complex 

quaternary protein structure. There are also exceptions where the nucleophile is obtained 

from an alternate source (Amaya et al., 2004, Watts et al., 2003), a neighbouring group 

(Terwisscha van Scheltinga et al., 1995), or using an exogenous base (Burmeister et al., 

2000). An alternate GH mechanism requiring NAD has also been observed (Yip et al., 

2007). Despite a broadly conserved mechanism, these enzymes display highly variable 

substrate preferences, with some enzymes showing activity towards a wide number of 

substrates whilst others are highly specific (Henrissat, 1991, Henrissat and Davies, 1997, 

Davies and Henrissat, 1995). As such, GHs are classified into families by amino acid 

structure and not by substrate activity, many glycoside hydrolase families (GHFs) 

encompass multiple types of enzymes and specific enzyme activities often appear across 

multiple families.  

Pectinolytic enzymes (pectinases), are a group of enzymes responsible for the 

decomposition of pectin, a polysaccharide comprised of a polygalacturonic backbone and 

variable branching, which is highly abundant in plant cell walls. Complete degradation of 

pectin requires a combination of several enzymatic activities: depolymerisation of the 

backbone structure by polygalacturonase-mediated hydrolysis or eliminative cleavage of 
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non-reducing residues by pectin lyases, de-esterification by pectin esterases and the 

removal of non-polygalacturonic acid branches by various other glycoside hydrolases. 

Polygalacturonases and pectin lyases have highly related beta-sheet protein structures with 

polygalacturonase typically containing an additional turn in the beta-sheet (Pickersgill et al., 

1998, Petersen et al., 1997, McDonough et al., 2004). 

There is evidence that pectin degradation aids in juice extraction, clarification and flavour 

release during winemaking (Alimardani-Theuil et al., 2011), however pectinolytic enzymes 

are primarily only used to aid in the clarification of grape and other fruit juices. Pectinolytic 

activity is also relevant in the production of biofuel and in other industries interested in the 

utilisation of plant cell wall biomass. The temperature sensitivity of fruit-based juices has 

directed studies into cold-active pectinases for applications in these industries (Adapa et 

al., 2014, Merin and Morata de Ambrosini, 2015, Sahay et al., 2013). In particular, Merin et 

al. (2015), identified pectinase activity in whole-cell assays of non-Saccharomyces yeasts 

that had the potential for low temperature winemaking, however the specific enzymes were 

not identified or isolated. There is some evidence that polygalacturonases may have 

reduced efficacy on the plant cell walls of Cabernet Sauvignon skin cells whilst pectin lyases 

appear to remain more effective (Gao et al., 2016). The reduced activity of 

polygalacturonases may be due to the accessibility of the polygalacturonic acid backbone 

and may be improved by use of lytic polysaccharide monooxygenases to provide increased 

access to the polymer (Vaaje-Kolstad et al., 2010, Forsberg et al., 2011, Quinlan et al., 

2011). The activity of pectinolytic enzyme may also be affected by the higher levels of 

esterification in the grape skin cell walls compared to the pectin of the grape pulp cells. 

While non-Saccharomyces yeasts are favoured as sources for polygalacturonase activity, 

Saccharomyces cerevisiae strains do contain genes for, and can express, 

polygalacturonases. However, these genes are subject to strong repression in the presence 

of glucose and other primary carbon sources, which is typical of the regulation of pectinolytic 

enzymes (Radoi et al., 2005, Merin and Morata de Ambrosini, 2015). The repression of 

polygalacturonase activity in the presence of glucose suggests that glucose-poor 
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environments, where pectin is a more significant carbon source, may be better reservoirs 

for isolating enzymes with pectinolytic activity. 

Similar to pectolytic enzymes, other plant cell wall degrading enzymes can also aid in juice 

clarification. This has been demonstrated for xylanases, which hydrolyse xylan, a 

hemicellulose (Polizeli et al., 2005). However, like pectin, complete decomposition of 

hemicelluloses requires the activity of multiple enzymes. The most commonly studied 

examples are endo-1-4-β-xylanases, which degrade the main xylan backbone, and β-D-

xylosidases, which degrade the subsequent smaller poly-xylooligosaccharides. 

Extracellular xylanase expression is highly abundant in filamentous fungi (Polizeli et al., 

2005). However, xylanase activity has not been observed in studies of non-Saccharomyces 

yeast isolates from grape and wine (Favaro et al., 2013, Belda et al., 2016b). Interestingly, 

some glycosidases have shown xylanase activity in addition to other glycosidase activities 

(Gruninger et al., 2014). 

Enzymes targeting organoleptic grape glycosides 
Outside of carbohydrates, glycosides containing a non-sugar moiety are also of significant 

oenological interest. Glycosides are produced in plants throughout development and 

perform a variety of roles. These glycosides can be carried over into grape juice and wine 

where the aglycones (non-sugar moieties of the glycosides) can have important 

organoleptic properties when released from the glycoside partner. Hydrolysis of certain 

grape glycosides can therefore significantly affect the flavour and aroma properties of wine 

(Gil et al., 2005, Palomo et al., 2005, Palmeri and Spagna, 2007, Valcárcel and Palacios, 

2008). For instance, geraniol glucoside can be hydrolysed to release geraniol which, as a 

volatile, can produce a floral aroma. However, acid hydrolysis is slow under winemaking 

conditions and can cause unwanted molecular rearrangements (Mateo and Jimenez, 2000). 

Hence, enzymatic hydrolysis by GHs is the preferred route. 

Grape glycosides can occur with variable numbers of sugar moieties and release of the 

aglycone can either occur directly from removal of the adjacent sugar or progressively as 

the compound is degraded (Figure 1.1). Although cleavage from higher glycosides may 
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increase the availability of the aglycone for secondary hydrolysis, in most cases the final 

release from the attached glycone is required for the perception of any organoleptic 

properties. 

 

Figure 1.1:  Sequential release of an aglycone from glycosidic complex by sequential 

enzymatic hydrolysis. 1) Initial cleavage by glycosidase (Gly) to release β-D-glucose-

aglycone dimer. 2) Secondary cleavage of aglycone from β-D-glucose by β-glucosidase 

(βG).  

In grapes, many organoleptic aglycones are linked to a glucose moiety (Williams et al., 

1982, Voirin et al., 1990). β-glucosidases target terminal non-reducing residues of -

glucosides and β-glucosidase treatments have the potential to release flavour and aroma 

compounds in grape juice and in wines (Palmeri and Spagna, 2007, Gonzalez-Pombo et 

al., 2014, Riou et al., 1998, Sestelo et al., 2004). Previous studies have observed β-

glucosidase activity both in wine yeasts and in lactic acid bacteria (Belda et al., 2016b, 

Michlmayr and Kneifel, 2014).  Glucose can have variable effects on β-glucosidases activity. 

In some cases glucose  inhibits -glucosidase activity whilst other -glucosidases are 

stimulated by the presence of glucose (De Giuseppe et al., 2014). Stimulation or at least 

glucose tolerance would be a beneficial trait for applications to winemaking.  

Heterologous protein expression by Saccharomyces cerevisiae and Pichia pastoris 
Synthetic biology methods are required to confirm the predicted function of the enzymes 

identified from metagenomic bioprospecting. There are numerous well-developed 

expression systems in both prokaryotic and eukaryotic hosts, which have been extensively 

reviewed and compared (Berlec and Strukelj, 2013, Unkles et al., 2014, Vieira Gomes et 
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al., 2018). In general, the heterologous expression of eukaryotic proteins often benefits from 

the use of eukaryotic host organisms, as this allows for eukaryotic-specific post-translational 

modifications to be performed, such as glycosylation and the formation of sulphite bridges 

when the protein is secreted. 

The methylotrophic yeast Pichia pastoris allows for the production of high levels of 

heterologous protein with simplified protein purification protocols due to the combination of 

high cell culture density and a prolific secretory pathway (Cregg, 2008). The P. pastoris 

expression system also has well developed molecular protocols that utilise the methanol 

inducible promoters pAOX1 and pAOX2 to tightly control heterologous protein expression 

(Cregg, 2008).  

S. cerevisiae has similar advantages to P. pastoris as an expression host, including the 

ability to secrete protein. S. cerevisiae does not grow to equivalent cell densities and has 

been noted to hyper-glycosylate proteins, which can be detrimental (Hoshida et al., 2013, 

Tang et al., 2016, Eckart and Bussineau, 1996). However, S. cerevisiae is well adapted to 

large-scale industrial conditions and for the production of various natural products 

(Billingsley et al., 2016). Significantly from a wine perspective, S. cerevisiae is inherently 

adapted to winemaking. This affords a potential for ‘in-wine’ fermentation experiments and 

negates the requirement to add protein to a grape fermentation.  
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Conclusions, thesis aims and methodology 
Past studies of wine grape associated microbiota have been limited by the methodology of 

the time and potentially beneficial micro-organisms have not been investigated. However, 

recent developments in DNA sequencing and bioinformatics affords the opportunity for a 

deeper probe into microbial environments and into greater enzyme diversity.  

This work aimed to identify and characterise novel enzymes for potential applications in 

winemaking from grape associated environments. A combination of metagenomic and 

synthetic biology techniques were used to identify candidate enzymes of interest from two 

wine grape derived environments: a pre-fermentation Chardonnay grape must and a 

composting mixed varietal grape marc. 

From the 1.5 million predicted enzyme coding genes identified, seven putative -

glucosidases and five polygalacturonases, were selected for gene synthesis and 

heterologous expression in the yeasts Pichia pastoris and Saccharomyces cerevisiae.  

Enzymes of interest that were expressed successfully in P. pastoris were tested for putative 

activity and where applicable characterised for basic enzyme traits. Subsequently, two 

polygalacturonases were tested for activity in a wine-like environment using synthetic grape 

must and fermented by heterologous S. cerevisiae strains.  
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Chapter 2: Materials and Methods 

2.1 Environmental samples and DNA extraction 
Two grape derived environmental samples were collected for analysis: an unfermented 

organic certified 2016 Chardonnay grape must (Ngeringa Vineyards, SA) and a 2016 mixed 

varietal grape marc in the process of composting (Yangarra, SA). 

 Microorganisms were harvested from the Chardonnay grape must by centrifugation at 3000 

rcf (Beckman-Coulter Allegra X-12D Centrifuge), washed with phosphate buffered saline 

(PBS: 0.02% (w/v) potassium chloride, 0.144% (w/v) sodium hydrogen phosphate, 0.024% 

(w/v) potassium dihydrogen phosphate, pH 7.2), and stored as pellets at –80 oC. DNA was 

extracted using ZR Soil Microbe MiniPrep Kit (Zymo Research) with an additional pre-lysis 

incubation at 65 oC for 10 minutes and beat beating steps performed at 8000 rpm on a 

Precellys Evolution Homogeniser (Bertin Technologies). DNA extracts were combined and 

concentrated using a Genomic DNA Clean and Concentrator -10 Kit (Zymo Research) and 

stored in elution buffer at -20 oC.  

Subsamples of the grape marc were snap frozen with liquid nitrogen, ground into a 

moderately fine powder and stored at –80 oC in 50 ml tubes. DNA was extracted from 5 g 

of the frozen powder using ZR Soil Microbe DNA MidiPrep Kit (Zymo Research) with 

standard protocol and an additional elution step. DNA was stored in elution buffer at –20 

oC.  

DNA concentrations were determined by Qubit fluorometer (Invitrogen) and DNA shearing 

assessed on 1% (w/v) agarose.   

2.2 Metagenomic and bioinformatics methods 

2.2.1 Sequencing, taxonomic binning and assembly of Chardonnay and MVGM DNA 
The 2016 Chardonnay must DNA was sequenced as a TruSeq nano library using a 2x250bp 

HiSeq 2500 Rapid run. The raw dataset was quality assessed by FastQC v0.11.5, trimmed 

by Trimmomatic (v0.36, parameters: PE, LEADING: 20, TRAILING: 20) and filtered against 

the Shiraz Vitis vinifera genome (Bowtie v1.1.2, SAMtools v1.9). Putative taxonomic 

assignments of reads were made using Centrifuge v1.0.3 (Kim et al., 2016) with the NCBI 
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NR protein database (downloaded 2018-04-06). The Chardonnay HiSeq data was 

assembled using Megahit (v1.0.3 with standard parameters) and assembly assessed using 

QUAST v4.3.  

The 2016 mixed varietal grape marc (MVGM) metagenomic DNA was sequenced with 

Illumina and Oxford Nanopore Technologies (ONT).  For the Illumina data DNA was 

prepared as a TruSeq library and run on an Illumina HiSeq X ten, to produce 150 bp paired 

end data. The MVGM HiSeq dataset was filtered to remove grape DNA sequences by 

alignment to the Shiraz Vitis vinifera genome (Bowtie v1.1.2, SAMtools v.1.9), quality filtered 

and trimmed by Trimmomatic (v0.36, parameters: PE, LEADING: 10, TRAILING: 10). 

Putative taxonomic assignment of reads was performed using Centrifuge (v1.03) with the 

NCBI NR protein database and standard parameters. The MVGM HiSeq dataset was 

assembled using Megahit (v1.1.1-2 using standard parameters).   

For the ONT sequencing, MVGM metagenomic DNA was prepared as an SQK LSK108 

library and sequenced on an Oxford Nanopore Technologies MinION using a FLO-MIN106 

flow cell. The sequence dataset will be referred to as MVGM MinION. The MVGM MinION 

data was base called using Guppy v 3.2.4, quality filtered and filtered to remove grape vine 

sequences. Putative taxonomic assignments were made by Centrifuge v1.03 with the NCBI 

NR protein database using standard parameters. The MVGM MinION dataset was 

assembled by Meta-Flye (v2.5, parameters: --nano-raw $PATH/MVGM_ONT_data, --

genome-size 2G, --meta). MVGM HiSeq and MVGM MinION assemblies were combined 

using Meta-Flye (v2.5, parameters: --subassemblies $PATH/MVGM_HiSeq_assembly 

$PATH/MVGM_ONT_assembly, --genome-size 2G, --meta). All assemblies were assessed 

by QUAST v4.3.  

2.2.2 Contig binning and metagenome assembled genomes (MAGs) 
Contigs larger than 5 kbp from the 2016 Chardonnay and 2016 MVGM assembles were 

given putative taxonomic assignment using Kaiju (v1.7.2). Bins were made using Metabat2 

(v2.12.1) testing minimum contig sizes of 5 kbp and 10 kbp. Mmgenome2 (v2.0.7) was used 

to assess contig separation by GC, tetra-nucleotide, coverage and taxonomic assignment 
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and to bin the Chardonnay metagenome.  Bins were assessed for completeness and 

contamination by CheckM (v1.0.7, default parameters), refined and filtered for >90% 

completeness and <10% contamination.  

2.2.3 Gene predictions of 2016 Chardonnay metagenome and MVGM metagenome 
Initial gene prediction of the 16-23 HiSeq Chardonnay metagenome was performed on the 

largest 5000 contigs using AUGUSTUS (v3.2.2, Candida albicans gene model).  

InterProScan (v5.22-61.0) was run on predicted sequences and gene families of interest 

collected. Gene families of interest were compared to the NCBI protein database by 

BLASTp (v2.7.1+) and predictions with exact matches were removed from further analysis. 

Gene predictions with unexpected sequence lengths relative to sizes of target of interest 

were flagged as potential gene model error i.e. truncations or elongation. Possible gene 

prediction errors were tested by comparison of Candida albicans gene model to alternate 

organism gene models, favouring models with closer taxonomic relation to gene prediction 

by BLASTp alignments, improved matches to domains identified by InterProScan and if 

necessary, a simpler model was selected. Multiple sequence alignment was performed on 

gene predictions belonging to families of interest by MUSCLE (v3.8.31) and the multiple 

sequence alignment clustered using PhyML (v20160207).  

Subsequently, the full HiSeq Chardonnay metagenome was used in gene prediction with 

AUGUSTUS (v3.2.2, Candida albicans gene model) and predictions tested by InterProScan 

(v5.22-61.0, default parameters) and BLASTp of the NCBI NR protein database. Gene 

predictions were subsequently performed on the HiSeq MVGM metagenome using 

AUGUSTUS (v3.2.2, Aspergillus fumigatus gene model) and classified by InterProScan 

(5.22-61.0), gene families of interest compared to NCBI NR protein database by BLASTp 

(v2.7.1+).  Corrections to enzymes of interest were made using the E. coli gene model in 

AUGUSTUS (v3.2.2). The gene predictions of target families of interested were combined 

and compared using a multiple sequence alignment produced by MUSCLE (v3.8.31) and 

clustered by PhyML (v20160207). 
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Three candidate GHF3 -glucosidases were selected from the initial 5000 longest contigs 

Chardonnay Metagenome gene predictions, from separate clusters by MUSCLE (v3.8.31) 

alignment and PhyML (v20160207) clustering, for gene synthesis and subsequent gene 

expression experiments. Four candidate GHF1 -glucosidases and five candidate GHF28 

polygalacturonases were selected from these groups. SignalP (v4.0, default settings, 

eukaryotic, gram positive and gram negative bacterial models) was used to check 

sequences for signal peptides. 

2.3 Molecular Techniques and Protocols, Recipes and microorganism strains 

2.3.1 Plasmid miniprep  
All plasmid DNA minipreps were performed from 5 ml overnight E. coli culture in LB 

containing 100 ug/ml ampicillin or 100 ug/ml zeocin at 37 oC. DNA was extracted using 

QIAprep Spin Miniprep Kit (QIAGEN) using standard protocol with elution buffer heated to 

65 oC and eluted twice.   

2.3.2 Gibson Cloning 
Gibson cloning was performed using 2X Gibson Assembly Master Mix (NEB) according to 

the NEB standard protocols. A 1:3 ratio of vector to inserts with a total DNA mass ≤100 ng 

and made up to total volume of 10 ul.  10 ul of 2X Gibson Assembly was added and reaction 

mixture was incubated at 50 oC for 1 hour. 5 ul of reaction mixture was then used in 

transformations into E. coli. 

2.3.4 Saccharomyces cerevisiae transformation protocol 
S. cerevisiae competent cells were prepared from lab strain BY4742 and a S. cerevisiae 

wine isolate, AWRI1631, which were obtained from the AWRI culture collection and 

transformed by the Lithium acetate / ss carrier DNA / PEG method by Gietz and Schiestl, 

(2007). Competent cells were stored in 100 ul aliquots at -80 oC and thawed on ice before 

use.  

Note: Plasmid DNA with HO homologous sites were linearized by restriction digest before 

transformation.  
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2.3.5 Yeast DNA extraction protocol 
Harvested cells were resuspended in 250 ul Zymolyase solution (1.2 M sorbitol, 10 mM tris 

pH 8, 10 mM calcium chloride, 1% β-mercaptoethanol, 0.7 mg/ml zymolyase (20 U/mg)) 

and incubated for 30 minutes at 37 oC. 200 ul of lysis solution (50 mM tris pH 8, 50 mM 

EDTA, 1.2% (w/v) SDS) was added and mixed before the addition 100 ul of potassium 

acetate solution (5 M potassium acetate neutralized pH 5.5 with acetic acid). Precipitated 

protein was removed by centrifugation for 10 minutes at 16,110 rcf on an Eppendorf 

Centrifuge 5415D and supernatant transferred into fresh tube with 700 ul isopropanol. 

Nucleic acids were harvested by centrifugation for 5 minutes at 16,110 rcf and resuspended 

in 100 ul TE (10 mM Tris-HCl, 1 mM EDTA) and treated with RNase at 37 oC for 1 hour. 

DNA was precipitated with 10 ul sodium acetate and 100 ul isopropanol and pellet washed 

with 95% ethanol and then resuspended in 50 ul TE (10 mM Tris-HCl, 1 mM EDTA). DNA 

concentration was measured by using a Qubit fluorometer (Invitrogen). 

2.3.6 Pichia pastoris electroporation 
Electrocompetent cells were prepared from the P. pastoris strain BG11 which was obtained 

from ATUM. An overnight culture of BG11 in 10 ml YPD at 28 oC, was used to inoculate 50 

ml YPD to OD600= 0.15 - 0.2 and incubated at 28 oC, shaking, until reaching OD600 = 0.8 - 

1.0. Cells were harvested at 3000 rcf on an Allegra X-12R Centrifuge (Beckman-Coulter) 

for 5 minutes and resuspended in 25 ml YPD/HEPES (20:1, 1 M HEPES, pH 8.0) and 650 

ul 1 M DTT and incubated at 28 oC for 15 minutes without shaking. Cells were harvested at 

3000 rpm for 5 minutes, 4 oC on an Allegra X-12R Centrifuge (Beckman-Coulter) and 

washed twice with 25 ml ice cold 1 M sorbitol and resuspended in a final volume of 500 ul 

of ice cold 1 M sorbitol. Cells were aliquoted (40 ul per reaction) and kept on ice immediately 

before use or stored at -80 oC.  

DNA was linearized by restriction digest with SacI-HF (NEB) at 37 oC for 1 hour and heat 

inactivated at 65 oC. DNA was then cleaned with QIAquick PCR purification kit (QIAGEN) 

using standard protocol.  

40 ul of electrocompetent cells and 100 ng of plasmid DNA were incubated in pre-chilled 

0.2 cm electroporation cuvette (Bio-Rad) on ice for minimum of 5 minutes. Cells were 
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exposed to an exponential decay pulse (2000 V for 5s) were applied using Gene Pulser 

Xcell II (Bio-Rad). 1 ml of ice-cold sorbitol was added immediately after electroporation and 

cells were incubated for 1 hour without shaking at 30 oC, then aliquots plated onto YPD-

zeocin (50-200 ug/ml) and incubated for 2 - 3 days.  

2.3.7 Methanol induction of pAOX1  
1ml of an overnight YPD culture of appropriate P. pastoris strain was used to inoculate 50 

ml of BMGY (1% (w/v) yeast extract, 2% (w/v) peptone, 13.4 g/L yeast nitrogen base without 

amino acids, 100 mM potassium phosphate pH 6.0, 0.4 mg/L biotin, 1% glycerol) and 

incubated at 28 oC, shaking. At 24 hours, cells were harvested at 3000 rcf for 5 minutes on 

an Allegra X-12R Centrifuge (Beckman-Coulter) and resuspended in 50 ml of BMM2 (0.2 

M potassium phosphate, 13.4 g/L yeast nitrogen base without amino acids, 0.4 mg/L biotin, 

0.5% (w/v) methanol) was added to induce protein production. 500ul of methanol was then 

added every 24 hours for up to 96 hours to boost induction.  

2.3.8 Protein Purification and Quantification 
Supernatant and cells were harvested from yeast culture samples by centrifugation at 3000 

rcf for 5 minutes on an Allegra X-12D Centrifuge (Beckman-Coulter). Protein lysates were 

prepared from cellular component by bead beating lysis in 1% SDS at 4000 rpm 3 x 30 s 

on Precellys Evolution Homogeniser with 0.1 mm zirconium beads. Cellular debris were 

removed by centrifugation. Protein was then extracted 100 ul of lysate or supernatant using 

the Methanol/Chloroform method. In brief, 400 ul of methanol, 100 ul of chloroform and 300 

ul of water were added to the 100 ul of protein sample, vortexed and centrifuged at 16,110 

rcf on an Eppendorf Centrifuge 5415 D for 3 minutes. The aqueous layer was removed with 

care not to disturb the protein pellet and 300 ul of methanol added, vortexed and centrifuged 

(16,110 rcf, Eppendorf Centrifuge 5415 D). Supernatant was discarded and protein pellet 

wash with 300 ul of methanol twice, dried and resuspended in resuspension buffer (0.1% 

SDS, 50 mM potassium phosphate, 1 mM DTT) or 25 ul 2 N sodium hydroxide for Lowry 

protein estimation.  

Protein extracts were quantified using Lowry protein estimation and Bio-Rad protein dye 

concentrate (Bio-Rad) using standard protocol.  
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Lowry protein estimation: protein samples were extracted by Methanol/Chloroform method 

and resuspended in 25 ul of 2 N sodium hydroxide. 250 ul of fresh complex forming reagent 

were added (2% (w/v) sodium carbonate, 0.01% (w/v) copper sulphate pentahydrate, 0.02% 

(w/v) sodium potassium tartrate) and incubated at room temperature for 10 minutes. 25 ul 

of 1 N Folin–Ciocalteu reagent was added, vortexed and incubated at room temperature for 

30-60 minutes. Absorbance was read at 750 nm. BSA concentrations from 0 to 1.5 mg/ml 

were used to create a standard curve.  

2.3.9 Protein Gel Electrophoresis 
Samples were diluted with NuPAGE LDS Sample Buffer (Invitrogen) with DTT added to a 

final concentration of 50 mM. Protein electrophoresis was performed using precast 

NuPAGE 10% Bis-Tris gels (Invitrogen) in MES SDS Running Buffer (Invitrogen, 50 mM 

MES, 50 mM Tris Base, 0.1% (w/v) SDS, 1 mM EDTA, pH 7.3) at 200 V for 35 minutes with 

biotinylated protein ladder (Cell Signalling Technology). 

2.3.10 Coomassie staining 

Coomassie stains were performed using Imperial Protein Stain (Invitrogen) according to the 

manufacturer instructions.  

2.3.11 Western blotting 
Proteins were transferred on a nitrocellulose membrane (0.45 um, Invitrogen) at 30 V for 1 

hour in NuPAGE transfer buffer (Invitrogen) with methanol (10% per gel). Membranes were 

blocked with 20 ml SuperBlock (PBS) Blocking Buffer (Invitrogen) for 30 minutes. 

Membrane was immunoblotted with 1:1000 primary Anti-his mouse antibody (Cell Signalling 

Technology) for 1 hour at room temperature, washed 3 x 5 minutes with 20 ml of PBS Tween 

20 and then immunoblotted with 1:2000 anti-mouse HRP conjugated and 1:2000 anti-biotin 

HRP conjugated antibody (Cell Signalling Technology) for 1 hour. Membrane was then 

washed 5 times with 20 ml PBS Tween 20 for 5 minutes and then visualised with 10 ml 1-

Step Ultra TMB-Blotting solution (Invitrogen).  

2.3.12 Media Recipes 
LB (lysogeny buffer): 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride.  
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LB agar: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride and 1% 

(w/v) agarose. 

LB-Lennox: 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 0.5% (w/v) sodium chloride. 

LB-Lennox agar: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium chloride 

and 1% (w/v) agarose.  

YPD: 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) glucose. 

YPD agar: 1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose and 2% (w/v) 

agarose. 

10X Amino acid mix:  0.4 g/ml adenine sulfate, 0.2 g/ml uracil, 0.4 g/ml L-tryptophan, 0.2 

g/ml L-histidine hydrochloride, 0.2 g/ml L-arginine hydrochloride, 0.3 g/ml L-lysine 

hydrochloride, 0.5 g/ml L-phenylalanine, 1.0 g/ml L-glutamic acid, 1.0 g/ml L-asparagine, 

1.5 g/ml L-valine, 2.0 g/ml L-threonine, 3.75 g/ml L-serine, 0.2 g/ml L-methionine 

 SC Media:  6.7 g/L yeast nitrogen base without amino acids, 20 g/L glucose, 1X Amino 

acid mix 

SC+ Media:  6.7 g/L yeast nitrogen base without amino acids, 100 g/L glucose, 1X Amino 

acid mix 

2.3.13 Chemically Defined Media (Synthetic grape must)  
100 g/L glucose, 100 g/L fructose, 0.2 g/L citric acid, 3 g/L malic acid, 2.5 g/L tartaric acid, 

0.238 g/L dibasic potassium phosphate, 0.1 g/L monobasic sodium phosphate, 0.5 g/L 

magnesium sulphate, 0.183 g/L calcium chloride, 0.011 g/L boric acid, 0.84 g/L proline with 

1 ml/L of Nitrogen stock mix, 1 ml/L Vitamin stock mix, 1 ml/L Trace elements stock and 

made to pH 3.5 with potassium hydroxide.  

Nitrogen stock: 

10.5 g/L L-alanine, 7.2 g/L γ-aminobutyric acid, 27 g/L L-arginine, 0.4 g/L L-asparagine, 3 

g/L L-aspartic acid, 0.4 L-citrulline, 6 g/L L-glutamic acid, 8.4 g/L L-glutamine, 0.4 g/L 

glycine, 1.2 g/L L-histidine, 1.2 g/L L-isoleucine, 1.2 g/L L-leucine, 0.4 g/L L-lysine, 0.4 g/L 
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L-methionine, 0.4 g/L L-ornithine monohydrochloride, 0.8 g/L L-phenylalanine, 5.4 g/L L-

serine, 6 g/L L-threonine, 0.4 g/L L-tryptophan, 0.4 g/L L-tyrosine, 2.1 g/L L-valine and 1.2 

g/L L-cysteine.  

Vitamin stock: 

0.5 g/L thiamine hydrochloride, 0.2 g/L Riboflavin, 1 g/L pyridoxine hydrochloride, 1 g/L 

calcium pantothenate, 1 g/L nicotinic acid, 10 g/L myo-Inositol, 0.05 g/L biotin, 0.05 g/L folic 

acid and 0.05 g/L 4-amino benzoic acid.  

Trace elements stock: 

3 g/L manganese sulphate, 1 g/L zinc chloride, 6 g/L iron sulphate heptahydrate, 1.5 g/L 

copper sulphate pentahydrate, 0.01 g/L potassium iodate, 0.03 g/L cobalt nitrate 

hexahydrate, 0.025 g/L sodium molybdate dihydride, 0.1 g/L lithium chloride, 0.05 g/L nickel 

sulphate hexahydrate and 0.7 g/L rubidium chloride.  

2.3.14 Polygalacturonic acid Chemically Defined Media (Synthetic PG Must) 
Made as 1.2X Chemically Defined Media (2.3.12) without citric acid and potassium 

phosphate and then made to 1X with addition of (10 g/L) polygalacturonic acid dissolved in 

citric acid-sodium phosphate buffer, pH 4.5, to final concentration of 2 g/L.  

2.4 Expression of GHF3 β-glucosidases in S. cerevisiae and P. pastoris  

2.4.1 Preparation of GHF3 plasmids for S. cerevisiae expression  
Production of GH3-1, GH3-2 and GH3-3 was tested using two S. cerevisiae expression 

systems. pCVSα, a yeast integrating plasmid using HO homologous sites for genomic 

integration and a high copy 2 μm episome based expression system with pCV3S. Both 

systems utilise the FBA1 promoter to drive protein expression and a modified alpha factor 

to facilitate protein secretion.  

GH3-1, GH3-2 and GH3-3 were tested for native signal peptides by SignalP 4.0 and 

potential signal peptides were removed. The coding sequences for the three GHF3 

candidates were codon optimised for expression in S. cerevisiae and synthesised 

(Genscript Biotech).  Sequences were excised from the cloning plasmid (pUC57) by 

restriction digest with BseRI and ScaI. Fragments were purified from agarose gel (1% (w/v) 
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agarose) with QIAquick Gel Extraction Kit (QIAGEN) using the standard protocol. The 

expression plasmid backbone, pCVS, was digested with BbsI and NheI and purified by 

QIAquick PCR Purification Kit (QIAGEN), using the standard protocol. Synthesized GHF3 

variants were cloned into pCVS by Gibson Assembly (2.3.2) to form pCVS-GH3-1, 

pCVS-GH3-2 and pCVS-GH3-3. 5 ul of Gibson reaction mixtures were transformed into 

10-beta Competent E. coli (NEB) according to High Efficiency Transformation Protocol 

(NEB) and selected on LB agar with 100 ug/ml ampicillin at 37 oC overnight. Plasmid 

construction (pCVS-GH3-1, pCVS-GH3-2 and pCVS-GH3-3) was confirmed by 

restriction digest of plasmid DNA (NdeI: pCVS-GH3-1. XbaI: pCVS-GH3-2 and pCVS-

GH3-3) extracted from ampicillin resistant E. coli by miniprep (2.3.1).  

The 2 μm episome plasmids were produced using the FBA1 promoter, alpha-factor, GH3 

and terminator sequence produced in pCVS-GH3-1, pCVS-GH3-2 and pCVS-GH3-3 

as the 2 μm episome (pCV3S) backbone plasmid does not contain the alpha factor 

sequence. The GH3 sequences were excised from pCVS-GH3-1, pCVS-GH3-2 and 

pCVS-GH3-3 by restriction digest with BamHI and SpeI. GH3 sequences were purified 

from restriction digest by extraction from 1% (w/v) agarose gel using QIAquick Gel 

Extraction Kit using the standard protocol and ligated into pCV3S-KanMX (BamHI and SpeI 

digested pCV3-pc4cl2) using T4 ligase (NEB, modified standard protocol with 1 hour at 

room temperature ligation step). Ligation reaction mixtures were transformed into 10-beta 

E. coli (NEB) using standard protocol and transformants were selected on LB agar with 100 

ug/ml ampicillin. Plasmids (pCV3S-GH3-1, pCV3S-GH3-2 and pCV3S-GH3-3) were 

confirmed by PvuI restriction digest of plasmid DNA extracted from ampicillin resistance E. 

coli by miniprep (2.3.1).   

2.4.2 Production and protein expression of GHF3 recombinant S. cerevisiae strains 
To aid in transformation and integration into the P. pastoris genome, the plasmid DNA of 

pCVS-GH3-1, pCVS-GH3-2 and pCVS-GH3-3 was linearized before transformation by 

restriction digest with BsaI (pCVS-GH3-1) and NdeI (pCVS-GH3-2 and pCVS-GH3-3). 

Linear DNA was purified by QIAquick PCR purification kit (QIAGEN) by the standard 
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protocol. Linearized pCVS-GH3-1, pCVS-GH3-2 and pCVS-GH3-3 plasmids, and 

circular pCV3S-GH3-1, pCV3S-GH3-2 and pCV3S-GH3-3 plasmids were transformed into 

S. cerevisiae strains, BY4742 and AWRI1631, using the S. cerevisiae transformation 

protocol (2.3.4).   

To test for genomic integration colony PCR of the HO integration sites was performed on 

single isolates transformed with pCVSα-GH3-1, pCVSα-GH3-2 and pCVSα-GH3-3 

plasmids. PCR was performed using OneTaq polymerase. Primer pairs: 5’HO1 F (5’-

CGCCTTTGTCTTTTGCCTTTTTCA-3’) and 5’HO1 CVS R (5’-

TGCAGCACATCCCCCTTTCG-3’), and 3’ HO1 CVS F (5’- 

AGGGTTCGCAAGTCCTGTTTCTATG-3’) 3’ HO1 R (5’- 

TGCTGTCGATTCGATACTAACGCC-3’). PCR conditions were: 94 oC for 30 s, 36 x (94 oC 

for 20 s, 54 oC (5’ HO1) or 57 oC (3’ HO1) for 20 s, 68 oC for 60 s), 68 oC for 5 minutes. 

Amplification products were visualised on 1% (w/v) agarose with RedSafe nucleic acid stain 

solution (iNtRON). Where possible a minimum of 16 single colonies per strain were tested 

from each transformation with 6 colonies tested in three separate rounds of PCR, unless 

positive transformants were found in earlier round. 

In order to test the production of GHF3 recombinant protein of BY4742 transformed withs  

pCV3S-GH3-1, pCV3S-GH3-2 and pCV3S-GH3-3 plasmid, overnight cultures were grown 

in 5 ml YPD at 28 oC, on a rotating platform. 1 ml of the overnight cultures was used to 

inoculate 50 ml of SC+ media and grown at 28 oC, shaking for 24 hours. Samples were 

taken at 24 hours, cells harvested at 16,110 rcf for 2 minutes and supernatant retained for 

protein analysis.  Proteins were isolated from supernatant samples taken at 24 hours by the 

methanol/chloroform method (2.3.8). Protein production was assessed by SDS-PAGE 

(2.3.9) and strained by Coomassie (2.3.10). 

2.4.3 Production GHF3 plasmids for expression in P. pastoris 
Yeast integrating plasmid expression of the GHF3 candidates in P. pastoris were produced 

from a modified version of the pD912-AKS expression plasmid (ATUM), referred to as 

simply “pD912” (Appendix A). pD912-AKS was modified to contain homologous regions to 
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pCVSα to allow Gibson assembly with either plasmid vector using the same gene fragment. 

pD912 (and pD912-AKS) contain a shortened alpha factor secretion signal to facilitate 

protein secretion and pAOX1 to facilitate methanol inducible protein expression and 

genomic integration. An N-terminal His tag variant of pD912-AKS was produced by cloning 

a synthetic DNA sequence (Gene fragment g-block Integrated DNA Technologies) 

containing a His tag into the plasmid by Gibson assembly (Appendix A) and used to 

produced N-terminal His tag variants of the GHF3 candidate enzymes. C-terminal His tag 

variants were produced by Gibson assembly with additional gene fragments containing the 

His tag coding sequence.  

Synthesis of the S. cerevisiae codon-optimised coding sequences of GH3-1, GH3-2 and 

GH3-3 (the same synthesised sequences as 2.4.1) were excised from cloning plasmids 

(pUC57-GH3-1, pUC57-GH3-2 and pUC57-GH3-3) by restriction digest with BseRI (NEB, 

standard protocols). Gene fragments were cloned into pD912, digested with BsaI and NheI 

(NEB), and pD912-His, digested with BsgI and NheI, by Gibson Assembly (2.3.2). 5 ul of 

Gibson reaction mixtures were transformed into 10-beta E. coli (NEB) using the High 

Efficiency Transformation Protocol (NEB) and selected on LB-Lennox agar with 100 ug/ml 

zeocin at 37 oC overnight. Plasmid DNA (pD912-GH3-1, pD912-GH3-2, pD912-GH3-3, 

pD912-His-GH3-1, pD912-His-GH3-2 and pD912-His-GH3-3) was extracted from zeocin 

resistant E. coli by DNA miniprep (2.3.1) and plasmid construction was confirmed by 

restriction digest with NdeI (pD912-GH3-1), XbaI (pD912-GH3-2 and pD912-GH3-3), SacI 

(pD912-His-GH3-1) or NcoI (pD912-His-GH3-2 and pD912-His-GH3-3). 

To produce the C-terminal His tagged variant pD9-12-GH3-2-His, pD912-GH3-2 was 

digested with NheI and the gene fragment Gibson assembled with the synthesised gene 

fragment GH3-2-His (Table 2.2). The C-terminal His tagged variants pD912-GH3-1 and 

pD912-GH3-3-His were produced by first excising the coding sequences from pUC57-GH3-

1 and pUC57-GH3-3 by restriction digest with BseRI and NheI (NEB, standard protocol). 

pD912-AKS was digested with BsaI and NheI (NEB, standard protocol). GH3-1 and GH3-3 

fragments, and the digested pD912 were then purified from 1% (w/v) agarose with QIAquick 
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Gel Extraction Kit (QIAGEN) using the standard protocol. GH3-1 and GH3-3 fragments were 

assembled with digested pD912 and G-blocks (Table 2.2), GH3-1-His and GH3-3-His, 

respectively, by Gibson Assembly (2.3.2), to form pD912-GH3-1-His and pD912-GH3-3-

His. Reaction mixtures for the three plasmids (pD912-GH3-1-His, pD912-GH3-2-His and 

pD912-GH3-3-His) were transformed into E. coli and plasmid construction confirmed by 

restriction digest of plasmid DNA with XhoI.  

Table 2.2: Synthesised DNA fragments (Gene fragments G-blocks from Integrated DNA 

technologies) for C-terminal His tag modification 

Name Sequence 

GH3-1-His 5’- TGAATTTGGCCGGTAGTCCAGGTGGTTACGGTAAACCAAAGCCTAG 

ATATGTTAGAGGCCACCATCACCACCACCACTAGTGAGACCAGTGCGT

CATTGCAAGTAGTCGGTTAAGGGGCGGCCGC – 3’ 

GH3-2-His 5’- TCTCAGCTGGTTTTTCCAGTGGTGACTTTATTGCACAAACAGAAATG 

AAGTTGTTAGGCCACCATCACCACCACCACTAGTGAGACCAGTGCGTC

ATTGCAAGTATCGGTTAAGGGGCGGCCGC – 3’ 

GH3-3-His 5’- ACATCAGATTGACAGATAGATTACATATCCAACATGATCACAAGTGG 

AGAGGTTTAGGCCACCACCATCACCACCACTAGTGAGACCAGTGCGTC

ATTGCAAGTAGTCGGTTAAGGGGCGGCCGC – 3’ 

 

2.4.4 Production and protein expression of GHF3 recombinant P. pastoris strains 
The expression plasmids for the candidate GHF3 beta-glucosidases (pD912-GH3-GH3-1, 

pD912-GH3-GH3-2, pD912-GH3-GH3-3, pD912-His-GH3-GH3-1, pD912-His-GH3-GH3-2 

and pD912-His-GH3-GH3-3, pD912-GH3-GH3-1-His, pD912-GH3-GH3-2-His and pD912-

GH3-GH3-3-His) were transformed into the P. pastoris strain BG11 (ATUM) by 

electroporation (2.3.6). Transformants were selected on YPD agar with zeocin (50, 100, 

150 and 200 ug/ml).  

In order to confirm genomic integration of plasmid DNA in the pAOX1 locus, the integration 

sites were PCR amplified from genomic DNA of zeocin resistant isolates. Genomic DNA 

was extracted from overnight 5 ml YPD cultures (30 oC, rotating) using the Yeast DNA 

extraction protocol (2.3.5). The 5’ and 3’ genomic integration sites were PCR amplified with 

primer pairs 5’ pAOX1 F (5‘-TGCCCCCAAATCCAATGAGACT-3’) and 5’pD912 R (5‘-
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CTGGCGGAAAATGGCAAAACA-3’), and 3’ pD912 F (5‘-

GAGCGTCAGACCCCGTAGAAAAGA-3’) and 3’ pAOX1 R (5‘-

TGTATCCCCTCCTGTTGCGTTTG-3’). PCR conditions were: 94 oC for 30 s, 36 x (94 oC 

for 20 s, 55 oC (5’ pAOX1) or 57 oC (3’ pAOX1) for 15 s, 68 oC for 60 s), 68 oC for 5 minutes. 

OneTaq polymerase (NEB) and OneTaq standard reaction buffer were used. 

Once plasmid integration was confirmed, protein expression of the recombinant strains was 

tested by induction of pAOX1 with methanol (2.3.7) for 96 hours with samples taken at 12 

and 24 hours and then every 24 hours. Protein was precipitated by methanol/chloroform 

method (2.3.8), run on SDS-PAGE (2.3.9) and stained with Coomassie (2.3.10) or 

immunoblotted (2.3.11) as appropriate. 

2.4.5 RT-qPCR 
The induction of the pAOX1 promoter by methanol of the P. pastoris containing the C-

terminal GHF3 -glucosidases plasmids was tested by RT-qPCR. The C-terminal His 

tagged GHF3 -glucosidases P. pastoris strains and BCAP8 control strain were inoculated 

into 50 ml BMGY (1% (w/v) yeast extract, 2% (w/v) peptone, 13.4 g/L yeast nitrogen base 

without amino acids, 100 mM potassium phosphate pH 6.0, 0.4 mg/L biotin, 1% (w/v) 

glycerol) with 1 ml of overnight YPD culture and incubated at 28 oC, shaking for 24 hours. 

An uninduced sample was taken at 24 hours and stored as pellet at -80 oC. Cells from 

remaining culture were harvested at 3000 rcf for 5 minutes with a Allegra X-12R centrifuge 

(Beckman-Coulter) and resuspended in 50 ml BMMY (1% (w/v) yeast extract, 2% (w/v) 

peptone, 13.4 g/L Yeast Nitrogen Base without amino acids, 100 mM potassium phosphate 

pH 6.0, 0.4 mg/L biotin, 0.5% (w/v) methanol) and incubated at 28 oC, shaking. Induced 

sample was taken after 6 hours incubation and stored as pellet at -80 oC. RNA was extracted 

from uninduced and induced cells using PureLink™ RNA Mini Kit (Life Technologies) with 

an additional bead beating step to lyse cells on a Bertin Precellys Evolution (8000 rpm, 4 x 

20 s, 30 s pause). RNA was treated with 10 ul RNase free DNase (NEB) at 37 oC for 30 

minutes. RT was performed using M-MuLV Reverse Transcriptase (NEB) according the 

standard protocol using 50 ng of RNA, 2 ul of d(t)23 (50 µM), 1 ul of dNTP (10 mM) and water 
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to 10 ul heated to 65 oC for 5 minutes, then made to 20 ul with 2 ul of buffer, 1 ul of M-MuLV 

RT enzyme, RNase inhibitor and water and then reaction run at 42 oC for 1 hour. M-MuLV 

RT was heat inactivated at 65 oC for 20 minutes. cDNA was stored at –20 oC. qPCR reaction 

was prepared with 10 ng of cDNA with KAPA SYBR FAST Universal (Sigma). qPCR was 

run on BioRad machine. qPCR conditions were: 95 oC for 3 minutes, 40 x (95 oC for 3 s, 60 

oC for 20 s).  

Table 2.3: Primer pairs for RT-qPCR experiments.  

Primer Sequence 

GH3-1 F 5’ – CCTAATAACGGTGGTGGTGCTC – 3’ 

GH3-1 R 5’ - AGGACACAAATAATCTGCGGTTCT – 3’ 

GH3-2 F 5’ – CGCAAACGAACAAGAAACTCAA – 3’ 

GH3-2 R 5’ - TCCATATCCAAACCACCATTAGC – 3’ 

GH3-3 F 5’ – TAGCCGAAACCCCTGATGC – 3’ 

GH3-3 R 5’ - GGACAAACCGTGACCGAATG – 3’ 

BCAP8 F 5’ - GAGTTGACTTTGGGTGGTGTTGA – 3’ 

BCAP8 R 5’ – GTTGTAAGCAGCAGTTGGGATGTA – 3’ 

2.4.6 Sanger sequencing 
The 5’ genomic integration region of P. pastoris transformed with pD912-GH3-1, pD912-

GH3-2 and pD912-GH3-3 were PCR amplified with OneTaq and 5’ pAOX1 F: 5‘-

TGCCCCCAAATCCAATGAGACT-3’ and 5’pD912 R: 5‘-CTGGCGGAAAATGGCAAAACA-

3’, Ta = 55 oC. PCR conditions were: 94 oC for 30 s, 36 x (94 oC for 20 s, 55 oC (5’ pAOX1) 

or 57 oC (3’ pAOX1) for 15 s, 68 oC for 60 s), 68 oC for 5 minutes. PCR products were 

purified using QIAquick PCR purification kit (Qiagen) using standard protocol and eluting 

into water.  

PCR products were then Sanger sequenced with the 5’ pAOX1 R primer by AGRF and 

sequences trimmed for low quality. 
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2.5 Expression of candidate GHF1 β-glucosidases in P. pastoris 

2.5.1 Construction of GHF1 P. pastoris expression plasmids 
Expression of GHF1 candidates was performed using a yeast integrating plasmid, pD912. 

pD912 uses pAOX1 for methanol induced protein expression and as a homologous region 

for genomic integration. pD912 also contains the modified alpha secretion signal to facilitate 

protein secretion. All four GHF1 candidate β-glucosidases were checked for signal peptides 

(SignalP 4.0), codon optimised for expression in P. pastoris and coding sequences were 

synthesised (TWIST Biosciences) with a C-terminal His tag and pD912 homologous sites 

for Gibson assembly (Gibson et al., 2009). Coding sequences were excised from pTWIST 

cloning plasmids (pTWIST-GH1-1, pTWIST-GH1-2, pTWIST-GH1-3 and pTWIST-GH1-4) 

by BseRI (NEB) digest and then purified form 1% (w/v) agarose using a QIAquick Gel 

Extraction kit (QIAGEN). Coding sequences were cloned into NcoI and NheI digested 

pD912 by Gibson Assembly and transformed into 10-Beta E. coli (NEB) using standard 

protocols and LB agar (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium 

chloride) with zeocin (100 ug/ml zeocin). Plasmid DNA (pD912-GH1-1, pD912-GH1-2, 

pD912-GH1-3 and pD912-GH1-4) was extracted by miniprep (2.3.1). Plasmid DNA 

construction was confirmed by restriction digest with NdeI and XhoI (NEB) using standard 

protocols.  

2.5.2 Production and protein expression by GHF1 recombinant P. pastoris  
The P. pastoris expression plasmids, pD912-GH1-1, pD912-GH1-2, pD912-GH1-3 and 

pD912-GH1-4, were transformed into P. pastoris strain BG11 (ATUM) by electroporation as 

per the P. pastoris electroporation protocol (2.3.6). Transformant colonies were selected 

from YPD zeocin agar and re-streaked. Genomic DNA was extracted from 5 ml YPD 

cultures (overnight, 37 oC) per Yeast DNA extraction protocol (2.3.5). The 5’ and 3’ genomic 

integration sites were PCR amplified using OneTaq polymerase (NEB) and the OneTaq 

standard reaction buffer.  5’ pAOX1 primer pair: 5’ pAOX1 F: 5‘-

TGCCCCCAAATCCAATGAGACT-3’ and 5’pD912 R: 5‘-CTGGCGGAAAATGGCAAAACA-

3’, Ta = 55 oC. 3’ pAOX1 primer pair: 3’ pD912 F: 5‘-GAGCGTCAGACCCCGTAGAAAAGA-

3’ and 3’ pAOX1 R: 5‘-TGTATCCCCTCCTGTTGCGTTTG-3’, Ta = 57 oC. PCR conditions 
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were: 94oC for 30 s, 36 x (94 oC for 20 s, 55 oC (5’ pAOX1) or 57 oC (3’ pAOX1) for 15 s, 68 

oC for 60 s), 68 oC for 5 minutes. 

Recombinant P. pastoris strains were induced with methanol (2.3.7) for 96 hours with 

samples taken at 12 and 24 hours and then every 24 hours. Protein was extracted by 

methanol/chloroform method (2.3.8), run on SDS-PAGE (2.3.9) and immunoblotted 

(2.3.11). 

2.5.4 -glucosidase assays 
Temperature optima of GHF1 -glucosidases were determined with reactions of 50 ul of 

crude supernatant containing recombinant -glucosidase with 150 ul of p-nitrophenyl 

glucopyranoside solution (5 mM p-nitrophenyl glucopyranoside, citric acid-sodium 

phosphate buffer pH 6.0) for 30 minutes at temperature 10 oC to 100 oC. Reaction were 

cooled on ice, 100 ul of 0.4 M sodium hydroxide was added and incubated for 15 minutes 

on ice. Absorbance measured at 400 nm with a FLUOstar Omega spectrophotometer (BMG 

LABTECH). 

pH optima of GH1 -glucosidases were determined with reactions of 50 ul crude 

supernatant containing recombinant -glucosidase with 150 ul of p-nitrophenyl 

glucopyranoside solution (5 mM p-nitrophenyl glucopyranoside, citric acid-sodium 

phosphate buffer, pH 3 - 7) and incubated at 37 oC for 30 minutes. Reactions were cooled 

on ice, 100 ul of 0.4 M sodium hydroxide was added and incubated for 15 minutes on ice. 

Absorbance measured at 400 nm a BMG LABTECH FLUOstar Omega spectrophotometer.   

Substrate kinetics were followed at 420 nm (on a BMG LABTECH FLUOstar Omega 

spectrophotometer) with 300 ul of reactions mixtures for a maximum of 30 minutes. 

Reaction mixture contained 10 ul of crude supernatant containing recombinant -

glucosidases, 290 ul reaction solution (500 mM sodium chloride, 100 mM HEPES pH 7.5, 

from 1 mM to 20 mM p-nitrophenyl glucopyranoside). Change of absorbance over time 

determined by slope of linear regression with MARS 3.32 R5 (BMG LABTECH) software.  
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2.6 Expression of GHF28 candidates in P. pastoris  

2.6.1 Construction of GHF28 plasmids for P. pastoris expression 
Coding sequences for GH28-1, GH28-2, GH28-3, GH28-4 and GH28-5 were codon 

optimised for P. pastoris expression and gene synthesised (TWIST Biosciences). Coding 

sequences were excised from the pTWIST cloning vector by restriction digest with BseRI 

and then Gibson cloned into NcoI and NheI digested pD912 and transformed by heat shock 

into competent 10-Beta E. coli (NEB) and selected for on LB zeocin. Plasmid DNA was 

extracted from zeocin resistant colonies by miniprep (2.3.1). Plasmid DNA was identified by 

digest with a combination of restriction enzymes (NEB) as per standard protocols.   

2.6.2 Construction and protein expression of recombinant GHF28 P. pastoris strains 
The P. pastoris expression plasmids, pD912-GH28-1, pD912-GH28-2, pD912-GH28-3, 

pD912-GH28-4 and pD912-GH28-5, were transformed into P. pastoris strain BG11 (ATUM) 

by electroporation as per the electroporation protocol (2.3.6). Transformant colonies were 

selected from YPD zeocin agar and re-streaked. Genomic DNA was extracted from 5 ml 

YPD cultures (overnight, 37 oC) per Yeast DNA extraction protocol (2.3.5). The 5’ and 3’ 

pAOX1 genomic integration sites were PCR amplified with OneTaq polymerase (NEB).  5’ 

pAOX1 primer pair: 5’ pAOX1 F 5‘-TGCCCCCAAATCCAATGAGACT-3’ and 5’pD912 R 5‘-

CTGGCGGAAAATGGCAAAACA-3’, Ta = 55 oC. 3’ pAOX1 primer pair: 3’ pD912 F 5‘-

GAGCGTCAGACCCCGTAGAAAAGA-3’ and 3’ pAOX1 R 5‘-

TGTATCCCCTCCTGTTGCGTTTG-3’, Ta = 57 oC. PCR conditions were: 94 oC for 30 s, 36 

x (94 oC for 20 s, 55 oC (5’ pAOX1) or 57 oC (3’ pAOX1) 15 s, 68 oC for 60 s), 68 oC for 5 

minutes. 

Confirmed recombinant P. pastoris strains were induced with methanol (2.3.7) for 96 hours 

with samples taken at 12 and 24 hours and then every 24 hours. Protein was extracted by 

methanol/chloroform method (2.3.8) and immunoblotted (2.3.11). Image analysis was 

performed using IMAGEJ. 

2.6.3 Characterisation of recombinant GHF28 protein  
The recombinant protein for the GHF28 candidates produced by P. pastoris transformed 

with pD912-GH28-1, pD912-GH28-2 and pD912-GH28-3 were tested for polygalacturonase 
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activity from the crude supernatant BMMY in which the cells were induced on 

polygalacturonic acid. Preliminary tests were performed with 0.25 ml of 2.5 mg/ml 

polygalacturonic acid and 0.25 ml of crude supernatant for 30 minutes at 37 oC. 

Polygalacturonase activity (i.e. production of reducing sugars from polygalacturonic acid) 

was measured in reaction mixtures using a modified di-nitrosalicylic assay (Miller, 1959). 

An equal volume of the DNS reagent (10 g/L di-nitrosalicylic acid, 300 g/L sodium potassium 

tartrate tetrahydrate, 16 g/L sodium hydroxide) was added to the polygalacturonase reaction 

mixtures, boiled for 15 minutes and then placed on ice. 50 ul of solutions were transferred 

to a 96 well plate (CLS3603, Corning), diluted with 150 ul of water and absorbance at 540 

nm was measured with a Spectramax M2 fluorescence spectrophotometer. Samples were 

compared to a galacturonic acid standard curve, concentrations 0 - 1.75 mg/ml galacturonic 

acid monohydrate and boiled supernatant blanks, prepared under equivalent conditions. 

Enzyme activity (U) is defined as the μmol of galacturonic acid equivalent reducing sugars 

released per minute.  

Subsequent to preliminary tests, the pH, temperature and substrate kinetics of GH28-1 and 

GH28-2 were tested. pH and temperature optima were determined using recombinant 

enzyme in crude supernatant in reaction mixtures with 2.5 mg/ml polygalacturonic acid in 

citric acid – sodium phosphate buffer (made from 0.2 M citric acid and 0.1 M sodium 

phosphate stocks). pH 3.0 to 7.0 and temperatures 10 oC to 90 oC were tested. For GH28-

1, pH reactions were performed at 30 oC for 60 minutes, 50 ul of 2.5 mg/ml polygalacturonic 

acid and 50 ul of supernatant, and temperature reactions at pH 4.5 for 60 minutes, 50 ul 2.5 

mg/ml polygalacturonic acid. For GH28-2 pH reactions were performed at 50 oC for 30 

minutes, 95 ul of 2.5 mg/ml polygalacturonic acid and 5 ul of supernatant and temperature 

reactions at pH 4.5 for 30 minutes, 75 ul 2.5 mg/ml polygalacturonic acid with 25 ul GH28-

2 supernatant. Boiled supernatant was used as a negative control and reactions mixtures 

were cooled on ice after the reaction period. Polygalacturonase activity was determined by 

addition of 100 ul of DNS reagent and boiled for 15 minutes. Samples compared to 

galacturonic acid standard curve with 50 ul of samples and standards diluted in 150 ul of 
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water on 96 well plate and absorbance measured at 540 nm using a FLUOstar Omega 

Spectrophotometer (BMG LABTECH). To determine substrate kinetics, recombinant GH28-

2 supernatant solution (5 ul) was added to 50 ul of reaction buffer (0.2 M citric acid, 0.1 M 

sodium phosphate buffer, pH 4.5) containing different concentrations of polygalacturonic 

acid (0.5, 1, 1.5, 2, 2.5, 3, 4 and 5 mg/ml). Polygalacturonase activity was measured for 0 

to 15 minutes to determine linear rate of reaction.  55 ul of DNS reagent was added and 

boiled for 15 minutes to facilitate redox reaction between reducing sugars and 

dinitrosalicyclic acid and then put on ice. 50 ul of the samples and galacturonic acid 

standards were diluted in 150 ul of water in a 96 well plate and absorbance at 540 nm 

measured on a FLUOstar Omega Spectrophotometer (BMG LABTECH). 5 ul of boiled 

supernatant was used as negative control for each polygalacturonic acid concentration. 

Enzyme velocity at each substrate concentration was determined from the slope of the 

linear regression of reducing sugar produced (equivalent μmol of galacturonic acid) over 

time using GraphPad Prism 8. Enzyme substrate kinetics were assessed by nonlinear 

regression of substrate concentration against enzyme velocity, curve fitting Michalis-

Menten and Allosteric Sigmoidal models. Models were compared using inbuilt extra-sum-

of-squares F test. 

2.7 Protein expression of GH28-1 and GH28-2 by S. cerevisiae  

2.7.1 S. cerevisiae expression systems for GH28-1 and GH28-2 
Expression of GH28-1 and GH28-2 was tested in two expression systems. pCVSα is a yeast 

integrating plasmid with regions homologous to the HO locus for expression. The pCV3S 

plasmids are designed for 2 μm episomal based expression. Both systems use the FBA1 

promoter for constitutive protein expression and contain a modified alpha-factor sequence 

in the N-terminus to facilitate protein secretion. The coding sequences for GH28-1 and 

GH28-2 were excised from the pTWIST cloning plasmids by restriction digest with BseRI 

(NEB) using the standard protocol. DNA fragments were cloned into BbsI and NheI double 

digested pCVSα by Gibson Assembly (NEB) and 5 ul of reaction mixtures were transformed 

into 10-beta E. coli (NEB) using the High Efficiency Transformation Protocol (NEB). 

Transformants were selected on LB agar with 100 ug/ml ampicillin. Plasmid DNA was 
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isolated from ampicillin resistant isolates by miniprep (2.3.1). Construction of pCVSα-GH28-

1 and pCVSα-GH28-2 plasmids was assessed by restriction digest with EcoRI (NEB, 

standard protocol).  

As pCV3-NatR does not contain the alpha secretion signal the gene cassettes from the 

pCVSα-GH28-1 and pCVSα-GH28-2 were excised by restriction digest with BsgI and XbaI 

(NEB, standard protocol). pCV3-NatR was also digested with BsgI and XbaI (NEB, standard 

protocol). The desired plasmid DNA fragments were purified from 1% (w/v) agarose using 

the QIAquick Gel Extraction Kit (QIAGEN) using the standard protocol. Digested DNA 

fragments were ligated to form pCV3S-GH28-1 and pCV3S-GH28-2 using T4 ligase (NEB) 

at room temperature for 90 minutes. The T4 ligase was then heat inactivated at 65oC for 20 

minutes. Ligation mixtures were transformed into 10-Beta E. coli (NEB) by heat shock using 

standard protocol and recovered on LB agar with 100 ug/ml ampicillin. Plasmid DNA was 

isolated by miniprep (2.3.1) and pCV3S-GH28-1 and pCV3S-GH28-2 were confirmed by 

XhoI (NEB) digest. 

pCVSα-GH28-1, pCVSαs-GH28-2, pCV3S-GH28-1 and pCV3S-GH28-2 were transformed 

into AWRI1631 by the Lithium Acetate/ SS carrier DNA / PEG method (2.3.4) and recovered 

on YPD agar with zeocin (pCVSα) or 50 ug/ml clonat (pCV3S) for 3 days. Genomic DNA 

was extracted from the AWRI1631 transformants using the Yeast DNA extraction protocol 

(2.3.5).  

To confirm genomic integration of pCVSα-GH28-1 and pCVSα-GH28-2 transformants, the 

5’ and 3’ regions of the HO genomic integration PCR amplified using primer pairs 5’ HO1 F 

(5’ – CGCCTTTGTCTTTTGCCTTTTTCA – 3’) and 5’ HO1 CVS R (5’ – 

TGCAGCACATCCCCCTTTCG – 3’), and 3’ HO1 CVS F (5’ – 

AGGGTTCGCAAGTCCTGTTTCTATG – 3’) 3’ HO1 R (5’ – 

TGCTGTCGATTCGATACTAACGCC – 3’). PCR conditions were: 94 oC for 30 s, 36 x (94 

oC for 20 s, 55 oC (5’ HO1) or 57 oC (3’ HO1) for 15 s, 68 oC for 60 s), 68 oC for 5 minutes. 

PCRs were performed using OneTaq Polymerase (NEB) using the OneTaq standard 

reaction buffer. 



33 
 

To confirm the transformation of pCV3S-GH28-1 and pCV3S-GH28-2 into S. cerevisiae 

AWRI 1631, regions of GH28-1 and GH28-2 loci were PCR amplified from S. cerevisiae 

transformants’ DNA using OneTaq Polymerase (NEB) with the OneTaq standard reaction 

buffer. GH28-1 primers: GH28-1 F 5’ – TGGTGGTTGGGGAGATGTTAGA – 3’ and GH28-

1 R 5’ – TGGAGTTGGCAGCGGTTCT – 3’. GH28-2 primers: GH28-2 F 5’ – 

AAAATCTTGGGTTGGCGGTC – 3’ and GH28-2 R 5’ – CAGTTTGGGCTAGATTGGGC – 

3’.  PCR reaction conditions were: 94 oC for 30 s, 36 x (94 oC for 20 s, 54 oC (GH28-1) or 

57 oC (GH28-2) for 15 s, 68 oC for 30 s), 68 oC for 5 minutes. Where possible a minimum of 

16 single colonies per strain were tested from each transformation with 6 colonies tested in 

three separate rounds of PCR, unless positive transformants were found in earlier round.  

Confirmed transformants were used to ferment SC+ media (0.67% (w/v) yeast nitrogen 

base, 100 g/L glucose) for 48 hours. Protein from 5 ml supernatant at 48 hours was 

concentrated to approximately 1 ml by centricon-10 concentrators (Amicon) and protein 

extracted from 100 ul of concentrated sample by methanol-chloroform protein extraction. 

Protein precipitates were resuspended in 20 ul of 1 X SDS loading dye and immunoblotted 

(Western blot protocol 2.3.10). 

2.7.2 Synthetic grape must (Chemically Defined Media) fermentations 
S. cerevisiae strains AWRI1631, AWRI4241 (AWRI1631 transformed with pCV3-GH28-1) 

and AWRI4240 (AWRI1631 transformed with pCV3-GH28-2) were first inoculated into 5 ml 

of YPD (2% (w/v) peptone, 1% (w/v) yeast extract and 2% (w/v) glucose) in triplicate from 

separate plate colonies and cultured at 28 oC, rotating overnight. 1 ml of overnight cultures 

were used to inoculate 25 ml of 1:1 YPD and synthetic grape must (pH 3.5, Chemically 

Defined Media recipe 2.3.13.), and cultured for 24 hours, shaking at 28 oC, to acclimatise 

cells to the synthetic grape must. OD600 was measured at 24 hours post inoculation of 1:1 

YPD and synthetic  grape must cultures and then used to inoculate 100 ml of 100% synthetic 

grape must with 0.2% (w/v) Polygalacturonic acid (pH 3.5, Chemically Defined Medias with 

Polygalacturonic acid recipe 2.3.14). Fermentations were run at 22 oC, stirring at 250 rpm, 

until fermentation completion (0 g/L glucose/fructose detected) or stuck (minimal loss of 

sugar over 24 hours) with samples taken every 24 hours. 2 ug/ml of clonat was added 
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AWRI4241 and AWRI4240 cultures to ensure plasmid retention and added to ferments 

every 24 hours.  Samples were used to monitor OD600, glucose/fructose concentrations 

(2.8.3), galacturonic acid concentration (D-glucuronic/D-galacturonic Assay 2.8.4), 

unhydrolyzed polygalacturonic acid concentration (Ruthenium Red Assay 2.8.5). 

Statistical analysis was performed on measurements of unhydrolyzed polygalacturonic acid 

concentrations taken over the course of fermentation using the GraphPad Prism 8 software. 

Each time point after the addition of S. cerevisiae to the ferment was analysed by Oneway 

ANOVA and multiple comparisons were performed using the Dunnett’s test.  

2.7.3 D-glucuronic Acid/D-galacturonic Assay 
Galacturonic acid production was measured using the D-glucuronic Acid and D-galacturonic 

Acid Assay (Megazyme) using the microplate method (Megazyme). Concentrations of D-

galacturonic acid were determined by comparison to galacturonic acid in synthetic grape 

must standard curve at concentrations 0 to 1.4 mg/ml in duplicate. 

2.7.4 Ruthenium Red assay 
Ruthenium red assays were used to test for endo-polygalacturonase activity, based on the 

original method by Ortiz et al. (2014) and the microplate method Torres et al. (2011). 80 ul 

aliquots were taken from synthetic grape must ferment samples and 200 ul of 1.125 mg/ml 

ruthenium red solution was added and vortexed for 30 s. 500 ul of 8 mM sodium hydroxide 

was then and to the solution, vortexed and centrifuged at 8000 rcf for 5 minutes (Eppendorf 

centrifuge 5415 D). 25 ul of the solution was added to a standard optical 96-well plate and 

diluted with 175 ul of water. Absorbance was read at 535 nm. Equivalent concentration of 

unhydrolyzed polygalacturonic acid was determined by comparison to polygalacturonic acid 

standard curve (concentrations: 0, 0.2, 0.4, 0.8, 1, 1.2, 1.4 and 2 mg/ml) in synthetic grape 

must. Results reported as mg/ml of hydrolysed polygalacturonic acid.  
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Chapter 3: Metagenomic assembly and analysis of a Chardonnay 

grape must (CGM) and a mixed varietal grape marc (MVGM) 

Introduction 
Metagenomics, the study of environmentally derived genetic material, has helped define the 

structure of complex microbial communities across a wide array of environmental sources. 

Metagenomics has revealed a vast number of microbial species that had previously been 

undiscovered, or at least inaccessible, due to an inability to culture them in a purified state 

(Schmeisser et al., 2007). 

In winemaking, the alcoholic fermentation of grape juice is primarily driven by the yeast 

Saccharomyces cerevisiae. However, it is becoming increasingly apparent that other micro-

organisms contribute to the fermentation process and shape the final sensory outcome of 

the wine (Pinto et al., 2014, Capozzi et al., 2015). 

Grape marc is produced as a by-product of winemaking and contains the remnants of grape 

skins, seeds and stems. The microbes native to grape marc are not often considered for 

bioprospecting, however the presence of complex sugars and other substrates, as well as 

environmental factors such as pH and temperature, make grape marc a potential target of 

interesting microbial enzymatic activities (Favaro et al., 2013, Maragkoudakis et al., 2013, 

Ntougias et al., 2010). These enzymes could potentially be applied to winemaking and other 

applications such as biofuel (Dávila et al., 2017). Although grape marc has been used for 

bioprospecting (Favaro et al., 2013) and some exploration of bacterial metagenomics has 

been performed (Campanaro et al., 2014), there have been no studies using metagenomics 

based approaches to bioprospecting in grape marc previously.  

This chapter describes the investigation of two grape derived metagenomes, an 

unfermented Chardonnay grape must (CGM) and a mixed varietal grape marc (MVGM) 

which had begun the composting process. This analysis considers the respective microbial 

communities of the two samples using metagenomic methods and the identification of 

genes of oenological interest.  
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Results and Discussion 

Metagenomic profiling of a 2016 CGM and MVGM 
Environmental DNA was extracted from the two samples. The first was an unfermented 

2016 Chardonnay grape must (CGM), which was comprised of a mixture of grape juice, 

stems, seeds and skins that were in the process of being pressed.  The second sample was 

a mixed varietal grape marc (MVGM), a winemaking by-product which contains all the 

remaining grape skins, seed and stems, which was being composted and had been turned 

once. Purified environmental DNA was then subjected to shotgun sequencing using short-

read technologies. Final sequencing datasets were filtered for reads matching the grapevine 

genome which removed 39% and 0.15% of the reads from the CGM and MVGM 

metagenomes, respectively. 

Taxonomic binning was performed on the filtered read sets to assess the microbial 

composition of the CGM and MVGM samples. Sequencing data was reference based 

binned against the NCBI protein database. At the kingdom level, there was a clear 

difference in the proportion of organisms populating the two environments (Figure 3.1). The 

CGM metagenome comprised a high portion of Fungi as well as a significant portion of 

Viridiplantae, which represents additional V. vitis sequences that escaped the bioinformatic 

filtering procedure (Figure 3.1).  As these grapevine classifications are occurring after the 

reads were filtered against the Pinot noir PN00024 genome assembly these sequences 

could potentially be due to variation between the two varieties. Regardless, the CGM 

dataset largely conforms to previously studied metagenomes (Salvetti et al., 2016, Bokulich 

et al., 2014, Gayevskiy and Goddard, 2012). The metazoan reads present in the CGM 

metagenome consist primarily of matches to insects and spiders which are likely being 

harvested along with the grapes. 

As opposed to the fungal-dominated CGM data, the MVGM dataset is mostly comprised of 

reads assigned to bacteria and has minimal remaining grapevine DNA. After separation, 

the grape marc is left in contact with the soil, likely facilitating colonisation of the MVGM by 

soil-derived microbiota, resulting in the high bacterial content of the MVGM metagenome. 

Additional compositional bias in the extracted DNA may have also been introduced through 
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the use of different protocols to extract the metagenomic DNA. The MVGM DNA was 

extracted with a larger quantity of sample but with gentler physical lysis than the CGM 

material. As such, organisms that are more difficult to lyse, such as filamentous fungi, may 

be under-represented in the MVGM sample. The reverse is true of the CGM sample. The 

CGM DNA were extracted using a harsher bead beating lysis and may therefore have lower 

quality DNA from cells lysed early in the process which may be underrepresented during 

sequencing.  

 

Figure 3.1:  Taxonomic classification of DNA sequencing reads at the kingdom level of the 

2016 Chardonnay grape must and 2016 mixed varietal grape marc metagenomic samples.   

Both datasets have reads that could not be classified at any level. These unclassified reads 

can be attributed to gaps in the NCBI reference database and reads that are poorly 

identifiable due to sequence structures including repetitive elements and low-complexity 

sequences. Gaps in the NCBI reference database may also be causing misidentification, 

especially at genus and species level and in genomic regions that are highly conserved 

across species. Misidentification could be improved using more stringent parameters for the 

classification algorithms and more recent algorithms, but the resolution was sufficient for 
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subsequent analyses. However, some observations were taken at the genus level in order 

to avoid potential complications of species-level resolution (Table 3.1). The CGM 

metagenome had 56 genera that comprised at least 0.05% of reads. Many of the genera 

identified from the CGM data have been previously shown to be associated with grapevine.  

Aureobasidium, was the most common genus in the CGM dataset, with 0.85% of reads 

classified in the CGM metagenomic data being assigned to this genus. V. vinifera is known 

to host Aureobasidium pullulans (Belda et al., 2016a, Pinto et al., 2014) and A. pullulans is 

widespread across many environments, so it is logical for it to be present in this dataset. 

The majority of the remaining genera have been commonly identified from plants and 

grapes (Quaedvlieg et al., 2011, Piao et al., 2015, Barata et al., 2012, Puri et al., 2018), 

although Mesorhizobium and Streptomyces are more commonly found in vineyard soil than 

the grapevine itself (Martins et al., 2013).  

126 genera were identified from the MVGM dataset with at least 0.05% of reads assigned 

to each taxon. The most abundant genera in the MVGM dataset were primarily comprised 

of soil and plant associated bacteria (Santos et al., 2007, Zarraonaindia et al., 2015).  This 

is expected given the sample environment and contact with soil. Although no fungi were 

present in the top 20 most abundant read classifications, fungal genera were observed at 

lower abundances in the MVGM dataset. These fungi included many of the genera that 

were also identified in the Chardonnay metagenome, including Fusarium 0.20%, Aspergillus 

0.11%, Colletotrichum 0.03%, Penicillium 0.02%, Leptosphaeria 0.02%, Botrytis 0.01%, 

Bipolaris 0.01% and Saccharomyces 0.01%. 
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Table 3.1: Top 20 most abundant bacterial and fungal genera in the CGM and MVGM 

metagenomic datasets. 

CGM  MVGM 

Genus % reads  Genus % reads 

Aureobasidium 0.85  Pseudomonas 1.70 

Torulaspora 0.25  Streptomyces 1.43 

Alternaria 0.21  Stenotrophomonas 0.71 

Aspergillus 0.15  Mycobacterium 0.64 

Cladosporium 0.15  Burkholderia 0.64 

     

Saccharomyces 0.14  Mesorhizobium 0.55 

Leptosphaeria 0.14  Pseudoxanthomonas 0.53 

Botrytis 0.13  Xanthomonas 0.53 

Paraburkholderia 0.13  Rhodococcus 0.51 

Pseudomonas 0.10  Bradyrhizobium 0.39 

     

Colletotrichum 0.10  Micromonospora 0.38 

Fusarium 0.10  Enterobacter 0.38 

Streptomyces 0.10  Citrobacter 0.36 

Zymoseptoria 0.09  Rhizobium 0.35 

Penicillium 0.08  Acidovorax 0.32 

     

Mesorhizobium 0.08  Flavobacterium 0.29 

Bipolaris 0.08  Lysobacter 0.28 

Bradyrhizobium 0.07  Myxococcus 0.28 

Burkholderia 0.07  Sinorhizobium 0.27 

Verticillium 0.06  Methylobacterium 0.25 
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De novo assembly of CGM and MVGM metagenomes  
The short sequencing reads (100-150 bp) produced by most next generation sequencing 

platforms do not span the length of full protein encoding genes and require assembly to 

produce contigs of sufficient length for full-length gene predictions. Metagenomic assembly 

is typically performed by de novo methods as reference-based approaches are generally 

not feasible as reference genomes for each member of the community are required. Prior 

to metagenomic assembly the datasets were filtered to remove the grape vine (Vitis vinifera) 

sequence data. This grapevine sequence data constituted a signification portion of the CGM 

dataset but was minimal in the MVGM dataset. The CGM and MVGM data were then 

assembled using the Megahit assembler (Table 3.2).  

As is commonly observed in metagenomic assemblies, the CGM and MVGM metagenomes 

both contained a large number of contigs that span a wide range of assembled lengths (<1 

kbp to 2 Mbp). The fragmented assemblies that are observed for metagenomes are a 

consequence of both a large effective genome size (i.e. the sum of all the organisms in the 

dataset), which leads to low average coverage and the variable abundances of individual 

species, which leads to both uneven coverage and very low coverage of many species. 

Short reads also prevent the resolution of repeat sequences, but this is common to all short-

read assemblies not just those performed on metagenomes.  

Table 3.2: Summary of CGM and MVGM DNA sequencing datasets and assembly.  

 CGM MVGM 

Data type Illumina HiSeq, 2x250 Illumina HiSeq, 2x150 

# Paired Reads 134,259,496 454,567,563 

% Reads aligned to V. vinifera 39% 0.15% 
   

Assembler Megahit v1.0.3 Megahit v1.1.1-2 

N50 (bp) 1,111 3,395 

# Contigs 5,697,851 4,260,285 

# Contigs ≥ 1000 bp 421,837 973,312 

Largest Contig (Mbp) 0.177 2.166  

Total Length (Gbp) 3.033 5.097 
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The CGM metagenome had a lower N50 than the MVGM metagenome, a larger number of 

contigs and a shorter maximum contig length. These differences are partially due to 

coverage, as the MVGM had more data overall, which leads to better genome coverage 

and resolution. For example, from the CGM dataset, Aureobasidium is the most abundant 

genera identified, with approximately 0.85% of the Chardonnay reads classified to this 

genus. If all of these reads belonged to the species A. pullulans (29 Mbp genome), the 

average genome coverage would be approximately 12-fold. In comparison in the MVGM 

dataset, Pseudonomas (genome sizes 5 - 7 Mbp), represents 1.4% of the classified reads, 

leading to a genome coverage of approximately 268-fold. This difference is primarily a 

consequence of overall sequencing depth, although slightly inflated by the difference in 

genome sizes, the difference in percentage of reads classified and the assumption that 

these reads all belong to a single species. As these examples are of the most abundant 

genera of the CGM and MVGM datasets all other organisms in the genome can be expected 

to have lower coverage.  

Oxford Nanopore Technology (ONT) long-read data was obtained for the MVGM dataset 

and was assembled in combination with the MVGM short-read assembly (Table 3.3). The 

MVGM long-read dataset was first assembled as a separate assembly and then assembled 

in combination with the MVGM short-read assembly, with small contigs removed, as if the 

assembled short-read data where its own long-read sequencing run. As the smaller contigs 

were removed from the MVGM, the overall length of the MVGM short-read assembly was 

reduced and the MVGM combined assembly also has decreased overall length. Although 

some of the improvement is due to the removal of short contigs, the MVGM combined 

assembly further improved contiguity, increasing the N50 to 24,477bp, and doubling the size 

of the assembly’s largest contig. The increased N50 is partially due to the increased genome 

coverage but also scaffolding provided by the contigs produced from the long-read data. As 

error rates are lower the short-read data, it is expected that the quality of the ONT assembly 

may also have improved. The long-read data could have been used for gene prediction 
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without assembly as the contigs should span whole protein coding regions, but the higher 

error rates of long-read data are undesirable in gene predictions.  

Table 3.3: Summary of MVGM assembly with Oxford Nanopore Technology MinION long-

read data and MVGM short-read assembly.  

 
MVGM ONT assembly MVGM combined assembly 

Data type Oxford Nanopore Technologies 

(ONT) MinION Data 

MVGM ONT and 

Illumina HiSeq Assemblies 

# Reads 1,162,438 - 

Assembler Meta-Flye v 2.5 Meta-Flye v 2.5 

N50 39,988 24,477 

# Contigs 7,287 121,542 

# Contig ≥ 1000bp 7,280 121,537 

Largest Contig (Mbp) 6.764 4.915 

Total Length (Gbp) 0.284 2.004 

 

Binning of assembled contigs 
Although some contigs from the CGM and MVGM metagenomic assemblies were less than 

1 kbp, large contigs (e.g. 4.9 Mbp) were also produced and could potentially represent 

complete or near complete genomes (Tables 3.2 and 3.3). In order to extract complete 

genomes from the metagenomic assemblies of the CGM and MVGM samples, sequences 

were separated into bins based on tetranucleotide frequencies and abundance. Bin quality 

was filtered for a minimum of 90% genome completeness (percentage of core marker 

genes) and less than 10% contamination by Checkm. Putative taxonomic assignment of 

‘complete’ bins was also performed by Checkm.   

The contigs of the MVGM metagenome separated well by standard non-reference binning 

parameters, such as GC-content, tetranucleotide frequency, abundance and coverage, with 

bins becoming visually apparent on at contig thresholds ≥25 kbp (Figure 3.2). At the 

minimum contig size threshold of ≥25 kbp, there is also clearer separation of bacterial and 
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eukaryotic contigs and most unassigned contigs are removed. Binning was tested at 

multiple contig length thresholds. However, despite ≥25 kbp threshold producing more 

visually apparent bins, a lower threshold of ≥10 kbp produced the more bins which passed 

quality filtering from the MVGM dataset. 32 bins passed filtering at minimum contig size of 

≥25 kbp, whereas 54 of 370 potential bins passed quality filtering at a minimum contig size 

of ≥10 kbp (Table 3.4).  Of the 54 MVGM passing bins, no eukaryotic bins were obtained, 

and few taxonomic assignments were made below the family level. Taxonomic assignment 

of bins was made by Checkm based on taxonomy of marker genes. Thermobifida fusca is 

the only species level classification given to the MVGM bins but the genera Bdellovibrio, 

Pedobacter, Asticcacaulis, Legionella, Planctomyces were also observed. None of these 

genera appeared in the most abundant read classifications for the MVGM data.  Further 

classification of these bins is required and reassembly of bin data may improve genome 

contiguity.  
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Figure 3.2: Separation of MVGM contigs by GC-content (‘gc’) and Barnes-Hut t-Distributed 

Stochastic Neighbour Embedding representations of tetranucleotide frequency (‘tSNE2’) at 

contig length thresholds 5 kbp and 25 kbp. NA = not assigned 
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Table 3.4 Bins produced from MVGM metagenome contigs with more than 90% of 

essential genes and less than 10% contamination by other genomes. CM = completeness. 

CT = Contamination 

ID Putative Taxonomy CM CT ID Putative Taxonomy CM CT 

Bin 1 f__Planctomycetaceae 92.95 3.41 Bin 28 g__Legionella 90.2 2.19 

Bin 2 f__Verrucomicrobiaceae 97.28 0 Bin 29 f__Flammeovirgaceae 98.6 2.44 

Bin 3 f__Verrucomicrobiaceae 95.24 0.91 Bin 30 o__Burkholderiales 93.62 8.02 

Bin 4 p__Chloroflexi 90.58 1.01 Bin 31 f__Chloroflexaceae 90.25 8.96 

Bin 5 f__Planctomycetaceae 98.85 0 Bin 32 f__Flammeovirgaceae 92.92 0.3 

Bin 6 f__Verrucomicrobiaceae 94.56 2.04 Bin 33 o__Actinomycetales 98.75 0 

Bin 7 f__Myxococcaceae 97.11 0.7 Bin 34 o__Myxococcales 92.26 2.26 

Bin 8 f__Sphingobacteriaceae 94.76 1.31 Bin 35 o__Cytophagales 93.44 0.3 

Bin 9 f__Cryomorphaceae 95.38 1.89 Bin 36 o__Sphingobacteriales 98.52 0.99 
Bin 
10 f__Cytophagaceae 96.43 1.44 Bin 37 f__Rhizobiaceae 92.6 2.52 
Bin 
11 g__Bdellovibrio 99.1 3.55 Bin 38 g__Planctomyces 97.78 0 
Bin 
12 g__Pedobacter 93.62 5.26 Bin 39 o__Actinomycetales 93.64 3.67 
Bin 
13 f__Chitinophagaceae 90.84 0.99 Bin 40 c__Actinobacteria 91.64 2.14 
Bin 
14 p__Proteobacteria 98.16 1.34 Bin 41 c__Gammaproteobacteria 95.97 1 
Bin 
15 f__Deinococcaceae 92.16 0.85 Bin 42 o__Myxococcales 90.95 3.89 
Bin 
16 o__Sphingobacteriales 91.87 6.26 Bin 43 f__Myxococcaceae 93.04 4.41 
Bin 
17 f__Chitinophagaceae 95.57 1.48 Bin 44 f__Alcaligenaceae 92.02 2.76 
Bin 
18 f__Cyclobacteriaceae 91.55 0.79 Bin 45 f__Moraxellaceae 98.4 4.81 
Bin 
19 f__Microbacteriaceae 96.69 0 Bin 46 p__Chloroflexi 98.18 1.09 
Bin 
20 f__Chitinophagaceae 97.12 1.43 Bin 47 f__Oceanospirillaceae 95.13 2.53 
Bin 
21 k__Bacteria 97.8 2.2 Bin 48 o__Sphingomonadales 91.21 1 
Bin 
22 o__Rhizobiales 92.24 1.09 Bin 49 g__Planctomyces 97.78 4.17 
Bin 
23 g__Asticcacaulis 96 2.54 Bin 50 p__Bacteroidetes 90.17 2.38 
Bin 
24 f__Cytophagaceae 96.88 0.89 Bin 51 f__Chloroflexaceae 98.55 3.49 
Bin 
25 s__Thermobifida_fusca 97.72 1.62 Bin 52 f__Verrucomicrobiaceae 93.43 2.21 
Bin 
26 o__Verrucomicrobiales 97.3 2.7 Bin 53 o__Flavobacteriales 97.31 2.42 
Bin 
27 f__Planctomycetaceae 95.45 1.7 Bin 54 p__Bacteroidetes 95.48 2.32 

 

  



46 
 

Only 17 potential bins could be identified from the CGM metagenome by automated means 

and only 1 had both >90% completeness and <10% contamination. This poor result was 

caused by overall poor separation of the CGM contigs by tetranucleotide frequency and 

abundance. Similarly, the CGM contigs also poorly separate by GC-content and average 

sequencing coverage (Figure 3.3). At 10 kbp, clusters of contigs start to appear, including 

isolated clusters of eukaryotic sequences.  Using manual methods to cluster the CGM 

contigs according to GC-content, tetranucleotide frequency and coverage, three bins 

(including an equivalent bin to the automated methods) were isolated from the CGM 

metagenome (Table 3.5). Additional bins that did not satisfy bin quality parameters were 

produced but these had high contamination which could only be reduced at the cost of 

marker gene completeness. This inverse relationship is caused by the limited number of 

large contigs and the poor overall separation of sequences. Despite the high proportions of 

fungal reads identified by reference-based classification of the CGM data and the 

appearance of at least three eukaryotic clusters at separation of contigs ≥ 10 kbp (Figure 

3.3), no quality eukaryotic bins were obtained. Bin 3 was classified as Mesorhizobium loti, 

which corresponds well with Mesorhizobium as the 16th most abundant genus of read 

taxonomic classification of the CGM data. Similarly, bin 2 was identified as Burkholderia 

and the genus was present the top 20 most abundant CGM reads. Bin 1 was classified into 

the family Xanthomonadaceae. Four genera (Strenotophomona, Pseudoxanthomonas, 

Xanthomonas and Lysobacter) in the top 20 most abundant CGM reads belong to the 

Xanthomonadaceae family and bin 1 may be one of these. Further classification by 

predicting 16S sequence from the bin contigs may further elucidate taxon. 
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Figure 3.3: Separation of CGM metagenome contigs by GC-content (‘gc’) and coverage 

(‘cov_must.assembly.map’) at contig length threshold 5 kbp and 10 kbp. NA = not assigned 
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Table 3.5: Bins produced from CGM metagenome contigs with more than 90% of essential 

genes and less than 10% contamination by other genomes.  

ID Putative Taxonomy Completeness Contamination 

Bin 1 f__Xanthomonadaceae     92.1 2.11 

Bin 2 g__Burkholderia      100 9 

Bin 3 s__Mesorhizobium_loti 92.72 4.48 

 

Gene prediction of CGM and MVGM Metagenomes 
In order to assess the potential enzyme repertoire of the CGM and MVGM metagenomic 

assemblies, gene prediction of the assembled contigs was performed, with functional 

annotation then performed on these predicted genes. Ab Initio gene prediction was 

performed on contigs of a minimum length 1 kbp for the CGM assembly using the Candida 

albicans gene model and a minimum length of 10 kbp with the Aspergillus fumigatus gene 

models for the MVGM (Table 3.6). This produced 984,472 gene predictions from the CGM 

metagenome, and 535,583 gene predictions form the MVGM metagenome. The minimum 

threshold was increased for the MVGM dataset as a 16% of gene predictions from the CGM 

gene predictions appeared to be truncated (<50 amino acids), which was undesirable. The 

two fungal models were therefore chosen to increase sensitivity for fungal genes which are 

of greater interest for future applications, C. albicans as a yeast model, and A. fumigatus 

as a filamentous fungus. However, in most cases the A. fumigatus gene models seem to 

be robust, with 75% of the MVGM gene predictions having a simple structure with a single 

ORF as would be more expected of bacterial genes. The remaining 25% would need to be 

further screened to ensure accuracy and testing with a bacterial model would be 

appropriate.  

Putative functions were assigned to the gene predictions by InterProScan and BLASTp 

alignment to the NCBI non-redundant protein database. The gene predictions were 

assessed for matches to proteins in the NCBI NR protein database and gene predictions 

filtered for matches >90% and >80% amino acid identity (Table 3.6). 27% of the genes 

predicted from the CGM metagenome and 36% of the MVGM metagenome gene 
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predictions had matches >80% amino acid identity to the NCBI NR protein database. The 

presence of significant homologous matches to known proteins indicates that the 

metagenome assembly and gene prediction strategy was producing relevant gene 

predictions. Interestingly, a larger proportion of the MVGM gene predictions have putative 

signal peptides than in the CGM dataset when using the eukaryotic model for signal peptide 

prediction. This may be due to the influence of A. fumigatus gene models used for prediction 

of the MVGM dataset.  

InterProScan was able to assign at least one match to its reference databases to 73% of all 

the CGM gene predictions and 95% of the MVGM predictions (Table 3.6). The remainder 

gene predictions could not be functionally annotated by InterProScan. These annotations 

were then mined for genes of interest.  

Table 3.6: Summary of gene predictions for the CGM and 2016 MVGM metagenomes.  

 2016 Chardonnay 

Grape must 

 2016 Mixed Varietal 

Grape Marc 

Gene Model Candida albicans Aspergillus fumigatus  

Total number of gene predictions 

(GPs) 

984,472 535,583 

Total number of GPs <50 amino acids 159,997(16%) 0 (0%) 

GPs with >90% identity to NCBI NR 

protein database  

177,548 (18%) 94,835 (17%) 

GPs with >80% identity to NCBI NR 

protein database 

264,456 (27%) 195,201 (36%) 

GPs with putative signal peptide 16,163 (1.6%) 63, 674 (11%) 

GPs with InterProScan matches 722,153 (73%) 506,586 (95%)  
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Functional assignment to gene predictions 
Glycoside hydrolases (GHs), which mediate the hydrolysis of glycosidic compounds, have 

been a target of significant oenological interest. This is due to the prevalence of glycosides 

with significant oenological impact being present in the grape matrix, which poses both 

processing challenges and avenues for organoleptic manipulation during winemaking. 

However, there is also an increased interest in other categories of carbohydrate active 

enzymes and other non-carbohydrate acting enzymes, such as proteases for haze 

prevention and remediation. InterProScan was used to detect putative members of various 

carbohydrate active and hydrolytic enzyme groups from the CGM and MVGM gene 

prediction datasets. Results from both datasets were subsequently filtered for matches 

(>80% identity of the minimum alignment size) against the NCBI non redundant protein 

database, in order to reduce the overall number of matches, while enriching the final dataset 

for a greater proportion of novel enzyme sequences and presumably, novel enzyme 

properties. 

In the CGM dataset, 6,050 gene predictions matching GH patterns were identified, 

approximately half of which had no significant matches (i.e. <80% amino acid identity) to 

proteins in the NCBI non redundant protein database (Table 3.7). The MVGM dataset 

contained 5,096 putative GHs, although only 33% with <80% amino acid identity to a protein 

in the NCBI protein database.  

Polysaccharide lyases and lytic polysaccharide mono-oxygenases (LPMOs) are also 

involved in the degradation of carbohydrates. 88% the putative polysaccharide lyases 

identified in the MVGM data set had significant matches to existing NCBI proteins. However, 

most of the polysaccharide lyases from CGM data set (18%) did not have a match in the 

NCBI database (Table 3.7). A total of 30 (CGM) and 13 (MVGM) LPMOs were also 

identified, with 23 and 13 without matches in the NCBI protein database, respectively (Table 

3.7).  
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A total of 12,685 putative proteases were identified from the two datasets. Of these 51% 

and 58% have matches to the NCBI protein database with <80% amino acid identity, for the 

CGM and MVGM proteins, respectively (Table 3.7).  

Table 3.7: Carbohydrate active enzymes and proteases predicted in the2016 Chardonnay 

metagenome and 2016 MVGM metagenome. Genes predicted on contigs equal to or 

longer the 10 kbp.  

Enzyme Family 
  

CGM  MVGM 

  
  <80% identity Total  <80% identity  Total 

Glycoside 

Hydrolases 

Family 1  110 (47%) 232  114 (55%) 207 

Family 3  448 (49%) 905  313 (53%) 585 

Family 28   49 (31%) 158  87 (72%) 120 

Total  3,061 (50%) 6050  1,658 (33%) 5096 

Polysaccharide 

lysates  

Family 1  0 0  5 (100%) 5 

Family 4  9 (16%) 57  9 (100%) 9 

Total   11 (18%) 61  37 (88%) 42 

Lytic polysaccharide 

mono-oxygenases 

  23 (77%) 30   13 (27%) 48 

Proteases Aspartic  657 (49%) 1336  390 (66%) 595 

Total  1,967 (51%) 3850  5,105 (58%) 8835 
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β-glucosidases 
β-glucosidases (EC 3.2.1.21) hydrolyse β-glucoside bonds between a glucose and a 

second molecule. While the sugar moiety causes the glycoside compound to be non-

volatile, the secondary molecule can often be volatile as an aglycone. Liberation of volatile 

aglycones by β-glucosidases can therefore influence the organoleptic properties of 

fermented foods and beverages and are of particular interest for application in winemaking. 

Glycoside hydrolase families (GHFs) are separated by amino acid structure (Henrissat, 

1991, Henrissat and Bairoch, 1993, Davies and Henrissat, 1995, Henrissat et al., 1995), as 

many of glycoside hydrolases are active on multiple substrates and cannot be effectively 

classified by substrate. There are currently 166 GHFs, although there are some protein 

sequences which have not yet been classified by this system.  β-glucosidases are most 

commonly ascribed to either GHF1 and GHF3 but have also been identified in GHFs 2, 5, 

9, 16, 30, 39 and 116. GHFs 1, 2, 5, 30 and 39 are also grouped in a glycoside hydrolase 

clan, GH-A, due to a shared (β / α)8 structure (Henrissat et al., 1995) and may share similar 

properties due to this similarity. In comparison, GHF3 proteins contain a (α/β)8 barrel domain 

connected via a linker region to a (α/β)6 sandwich domain (Harvey et al., 2000). 

A total of 985 of the CGM and MCGM gene predictions were matched to either GHF1 or 

GHF3, with 47% of GHF1 and 55% of GHF3 gene predictions having <80% identity to any 

protein the NCBI protein database (Table 3.7). To compare the relatedness of the predicted 

metagenomic β-glucosidases from GHF1 and GHF3, outside of their conserved GHF 

structures, the amino acid sequences of the two families from both metagenomic datasets 

were aligned and clustered. The GHF1 sequences clustered in three main groups (Figure 

3.4). Clusters A and B contained mostly MVGM sequences with only a small number of the 

CGM gene models. Cluster C displays higher primary amino acid sequence variation and 

contains a relatively even distribution of sequences from the MVGM and CGM gene models. 

When the clusters are examined relative to the taxonomic assignment of each gene model, 

sequences from clusters A and B are comprised mainly of bacterial proteins, while cluster 

C has a blend of taxonomic assignments (Figure 3.5). Clustering of the sequences of 

bacterial origin makes sense as these sequences should be more evolutionary close to 
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each other than the eukaryotes. Similarly, the non-bacterial members of Cluster A are more 

divergent to the bacterial members. Cluster C is more complex with a blend of kingdom 

level taxonomic assignments, which do not separate evenly by evolutionary distance. This 

could be a sign of convergent evolution, horizontal gene transfer or due to the presence of 

different enzyme activities (and substrate preferences) in the GHF, such as β-xylanases 

and β-galactosidases instead of β-glucosidases, which could be expected to have more 

similar structures. 

Compared to the GHF1 gene models, the GHF3 sequences were both more numerous and 

more divergent (Figure 3.6), with individual clusters diverging earlier. As seen with the 

GHF1 data, some GHF3 clusters were dominated by sequences from one dataset, while 

some contained a mixture of the two. The amino acid sequence variation of GHF3 is in part 

a function of the number of sequences.  
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Figure 3.4: Clustering of gene predictions from the CGM and MVGM metagenomes 

matching GHF1 by amino acid sequence, following filtering to remove proteins with >80% 

identity to any protein in the NCBI nr protein database. Gene predictions are coloured by 

origin.  
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Figure 3.5: Taxonomic assignment of GHF1 gene predictions (filtered for identity to NCBI 

proteins) from the Chardonnay must and MVGM metagenomes, clustered by amino acid 

sequence. 
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Figure 3.6: Clustering of gene predictions from the CGM and MVGM metagenomes 

matching GHF3 by amino acid sequence. Gene predictions were filtered to ensure <80% 

identity to any protein in the NCBI non-redundant protein database. Gene predictions 

coloured by origin.  
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Pectinases 
Pectinases are a group of enzymes that are collectively responsible for the complete 

degradation of pectin, a major component of plant cell walls. The main structural unit of 

pectin is polygalacturonic acid, which itself is comprised of linked monomers of galacturonic 

acid. Polygalacturonic acid is hydrolysed by polygalacturonases (EC 3.2.1.15, EC 3.2.1.67), 

which reside solely with GHF28. GHF28 proteins have a (β)-helix structure that is common 

to proteins that act on pectin (Petersen et al., 1997, Pickersgill et al., 1998). Pectin can 

contain other non-galacturonic acid substituents and have corresponding glycoside 

hydrolases which act on these substrates. Many of these GHs, such as rhamnosidases, 

rhamnogalacturonases and xylogalacturonan hydrolases, are also found in GHF28. 

A total of 136 gene models from the combined CGM and MVGM metagenomes are 

predicted to be members of GHF28 (after filtering for identity to NCBI proteins). Gene 

models from this family were compared by multiple sequence alignment and clustering 

(Figure 3.7). Almost all the sequences clustered separately by metagenome (Figure 3.7) 

and by taxonomic classification (Figure 3.8), with this overlap primarily driven by the 

different taxonomic composition of the CGM (fungal dominated) and MVGM (bacterial 

dominated) datasets. There are 12 sequences that do not cluster by taxa or by 

metagenomic origin. As mentioned with regards to clustering of the GHF1 sequences, these 

sequences could again be a sign of convergent evolution, horizontal gene transfer or a 

mixture of enzyme activities within a cluster. 

In addition to GHF28 polygalacturonases, other pectin-active enzyme groups were 

identified. Pectin lyases terminally cleave polygalacturonic acid to produce galacturonic acid 

moieties and typically belong to polysaccharide lyase family (PLF) 1. No gene predictions 

from the CGM dataset were assigned to PLF1 (Table 3.7). However, five were identified in 

the MVGM dataset, which all lacked significant matches (>80% identity) to the NCBI protein 

database. Rhamnogalacturonan endolyase has related activity on the rhamnogalacturonan 

regions of pectin and belong to PLF4. A total of 57 CGM gene models were assigned to 

PLF4, but only nine lacked significant matches to the NCBI nr database. All nine of the 

MVGM gene models that were assigned to PLF4 also lacked significant matches to NCBI.  
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Figure 3.7: Clustering of gene predictions from the CGM and MVGM metagenomes 

matching glycoside hydrolase family 28 with <80% identity to any protein in the NCBI non-

redundant protein database by amino acid sequence. Gene predictions coloured by origin.  
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Figure 3.8: Clustering of gene predictions from the CGM and MVGM metagenomes 

matching glycoside hydrolase family 28 and <80% identity to any protein in the NCBI non-

redundant protein database by amino acid sequence. Gene predictions coloured by putative 

taxonomic classification.  
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Conclusions 
In order to investigate functional elements of the microbiota from grape derived 

environments, metagenomes from a fresh Chardonnay must and a composting grape marc 

were analysed. Taxonomic profiling of the two environments demonstrated two highly 

diverse communities, with the CGM dataset comprised mostly of fungal species, while the 

MVGM dataset was dominated by bacteria. The CGM metagenome was assembled from 

short-read data and is highly fragmented with a low N50 of 1,111 bp and a maximum contig 

size of 100 kbp. A combined assembly of short and long-read data was produced from the 

MVGM data, which produced an assembly with a N50 of 24,477 bp and a maximum contig 

size of 4.9 Mbp. Binning of the CGM metagenome contigs produced three bins of >90% 

completeness and <10% contamination, while the MVGM gave 54 bins that exceeded these 

parameters. Gene predictions from the two metagenomes produced over 1.5 million 

putative protein encoding gene models, of which 985 are putative -glucosidases and 136 

putative polygalacturonases with less than 80% identity to proteins in the NCBI nr protein 

database. These new putative enzymes are all divergent from each other by primary amino 

acid sequence and constitute a reservoir of potential diverse enzymatic activities for use in 

winemaking.  
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Chapter 4: Heterologous expression of putative β-glucosidases from 

GHF3 in Pichia pastoris and Saccharomyces cerevisiae 

Introduction 
As in most fruits, a diverse mix of glycoside conjugates accumulate in grape berries during 

the maturation process, where they typically occur at much higher final concentrations than 

their aglycone form (Huh et al., 2003, Vogtle et al., 2012, Maicas and Mateo, 2005). As the 

organoleptic properties of many aglycones (non-sugar moieties of glycosides) are inhibited 

by the sugar linkage, glycoside conjugates represent a potent reservoir of flavour and aroma 

compounds in fruit-derived products, such as wine. The exact type and abundance of 

glycosides are highly variable between grape varieties (Watanabe et al., 2015) and added 

complexity occurs through variation in both the type of sugar and the number of linked sugar 

moieties.  

In wine, free monoterpenes are strongly associated with flavour and aroma. Grape terpene 

glycosides have been identified that incorporate rutinose, 6-O-α-l-arabinofuranosyl-β-d-

glucopyranoside, 6-O-β-d-apiofuranosyl-β-d-glucopyranoside and/or β-d-glucopyranoside 

as sugar moieties (Williams et al., 1982, Voirin et al., 1990). As a result, the aglycone 

substituent is generally covalently linked to a β-glucosyl residue, which is the target 

substrate for β-glucosidases (EC 3.2.1.21) that hydrolyse the covalent bond and cleave the 

β-glucose residue from the associated compound. Thus, these enzymes can mediate the 

release of many aglycones from conjugated glucosides in wine. Enzymatic hydrolysis is 

also necessary in wine as spontaneous chemical hydrolysis of glycosides occurs slowly 

under winemaking conditions and often with undesirable molecular rearrangements. 

The main wine yeast, S. cerevisiae, possesses several genes that encode β-glucosidases, 

which are involved in cellular processes including cell wall production (Nebreda et al., 1986, 

Larriba et al., 1993), sporulation (Muthukumar et al., 1993), vacuolar morphology and 

ergosterol-beta-glucoside catabolism (Watanabe et al., 2015) and some S. cerevisiae β-

glucosidases are associated with the mitochondria (Huh et al., 2003, Vogtle et al., 2012). 
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However, despite these known enzyme activities, S. cerevisiae exhibits very limited -

glucosidase activity against grape-derived glycosides during the winemaking process 

(Mateo and Di Stefano, 1997, Aryan et al., 1987). Similarly, grape-derived β-glucosidases 

typically have very little activity during winemaking (Lecas et al., 1991). β-glucosidases are 

also produced by microorganisms associated with a plant host and during the 

decomposition of plant material and these are alternate source for β-glucosidase activity.  

In order to investigate potential suitability of β-glucosidases derived from the grape-

associated microbiota as a winemaking adjunct, three putative -glucosidases from GHF3 

were selected from the CGM gene models (Chapter 3), for heterologous production in the 

yeasts Pichia pastoris and Saccharomyces cerevisiae. 

 

Results 

Candidate GHF3 β-glucosidases  
Three candidate proteins (GH3-1, GH3-2 and GH3-3) with homology to -glucosidases of 

GHF3 were selected for protein expression from genes predicted from the Chardonnay 

Grape Must (CGM) metagenomic assembly (Table 4.1). These candidates were selected 

from a group of CGM gene predictions that were identified as potential -glucosidases by 

homology against the Interpro protein structure databases (Table 4.1), appeared to have 

full-length ORFs and with sequences displayed no significant (>80% percent identity) 

matches to any protein in the NCBI nr protein database. However, as not all of these genes 

of interest could be tested, GH31, GH3-2 and GH3-3 were then selected for divergent 

primary amino acid sequences relative to each other (Table 4.1 and Figure 4.1) and as their 

highest matches in the NCBI database was to uncharacterised gene predictions. GH3-1 to 

a predicted hypothetical protein from Pseudocercospora fijiensis, the species responsible 

for leaf-spot disease in banana. GH3-2 to a hypothetical protein in Aureobasidium pullulans, 

a common yeast-like fungi and GH3-3 to a hypothetical protein from Apiotrichum porosum, 

a basidiomycetous yeast. All three are fungal species, with P. fijensis and A. pullulans 

belonging to the phylum Ascomycota and A. porosum to the phylum Basidiomycota. This 
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taxonomic separation correlates well with average amino acid identity between the proteins 

(Table 4.1 and Figure 4.1). The putative β-glucosidases were screened for potential signal 

peptides, which were subsequently removed prior to gene synthesis (Table 4.1). The final, 

screened coding sequences for the three putative β-glucosidases (GH3-1, GH3-2 and GH3-

3) were codon optimised for S. cerevisiae and sourced as synthetic gene constructs. Protein 

expression was subsequently attempted in two expression hosts: P. pastoris and S. 

cerevisiae (Table 4.2), taking advantage of the yeasts’ protein secretion machinery, P. 

pastoris high culture titres for high protein levels and S. cerevisiae fermentative 

characteristics.  
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Table 4.1: Summary of assessment and classification of selected putative β-glucosidases identified from 2016 Chardonnay metagenome. Signal 

peptides predicted by SignalP 4.1. 

Name Size  Interpro domains Closest NCBI match 

Signal 

Peptide 

% Identity to 

other candidates 

GH3-1 892 aa,  

(96 kDa) 

IPR017853 Glycoside hydrolase superfamily, IPR001764 

Glycoside hydrolase, family 3 N-terminal, IPR002772 

Glycoside hydrolase family 3 C-terminal domain, 

IPR026891 Fibronectin type III-like domain, IPR019800 

Glycoside hydrolase, family 3, active site, GO:0004553 

hydrolase activity, hydrolysing O-glycosyl compounds 

98%, 72% Glycoside hydrolase 

family 3 protein 

(Pseudocercospora fijiensis) 

XP007920178.1 

Yes, Amino 

acids 1-18.  

(Eukaryotic 

model) 

40% identity to 

GH3-2 and 22% 

identity to 

GH3-3 

GH3-2 778 aa, 

(83 kDa) 

IPR001764 Glycoside hydrolase, family 3, N-terminal, 

IPR002772 Glycoside hydrolase family 3 C-terminal 

domain, IPR026891 Fibronectin type III-like domain, 

GO:0004553 hydrolase activity, hydrolysing O-glycosyl 

compounds 

95%, 75% Hypothetical protein 

(Aureobasidium pullulans EXF-

150) KEQ79228.1 

No  

(Eukaryotic 

model) 

40% to identity to 

GH3-1 and 21% 

identity to GH3-3 

GH3-3 887 aa,  

(97 kDa) 

IPR001764 Glycoside hydrolase, family 3, N-terminal, 

IPR002772 Glycoside hydrolase family 3 C-terminal 

domain, IPR037524 PA14/GLEYA domain, IPR026891 

Fibronectin type III-like domain, Signal Peptide (Phobius), 

GO:0004553 hydrolase activity, hydrolysing O-glycosyl 

compounds 

99%, 47% Hypothetical protein 

(Apiotrichum porosum) 

RSH84354.1 

No  

(Eukaryotic 

model) 

22% identity to 

GH3-1 and 21% 

identity to GH3-2 
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Figure 4.1:  Genetic distance tree of GHF3 β-glucosidases candidates identified from the CGM metagenome gene models.
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Table 4.2: Summary of expression system variants for putative β-glucosidases from glycoside hydrolase family 3: GH3-1, GH3-2 and GH3-3. All variants 

contain the alpha secretion factor at the n-terminus of coding sequence to target sequence for protein secretion. 

Candidate 
Enzyme 

Expression 
Host 

Name of Variant Tag Genome 
Integration 

Inducible/ 
Constitutive 

Confirmed 
by PCR 

Observable 
Protein 

GH3-1 P. pastoris 
 

pD912-GH3-1 No tag pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912-His-GH3-1 N-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912-GH3-1-His C-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

S. cerevisiae 
 

pCVSα-GH3-1 No tag HO1 Constitutive N - 
pCVS3-GH3-1 No tag Non-integrating, 2μ 

origin of replication 
Constitutive N - 

GH3-2 
 
 

P. pastoris pD912-GH3-2 No tag pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912-His-GH3-2 N-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912- GH3-2-His C-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

S. cerevisiae 
 

pCVSα- GH3-2 No tag HO1 Constitutive N - 
pCVS3- GH3-2 No tag Non-integrating, 2μ 

origin of replication 
Constitutive N - 

GH3-3 P. pastoris pD912- GH3-3 No tag pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912-His- GH3-3 N-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

pD912- GH3-3-His C-terminal 6xHis pAOX1 pAOX1, Methanol 
Induction 

Y N 

S. cerevisiae 
 

pCVSα- GH3-3 No tag HO1 Constitutive N - 
pCVS3- GH3-3 No tag Non-integrating, 2μ 

origin of replication 
Constitutive N - 
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Saccharomyces cerevisiae expression systems for GHF3 enzymes  
S. cerevisiae expression was tested via the use of two different expression plasmid variants, 

pCVSα, which integrates the heterologous expression cassette into the HO locus of the S. 

cerevisiae genome (pCVSα) and pCV3S which exists as a multi-copy 2 μm episome. All 

three expression variants made use of a modified alpha-factor leader sequence to facilitate 

protein secretion and placed the ORF of interest under the control of the FBA1 promoter. 

The modified alpha-factor has amino acid deletions in comparison with the wild type S. 

cerevisiae alpha factor (Figure 4.2). 

Figure 4.2: Comparison of amino acid sequence between S. cerevisiae alpha factor and the 

modified alpha factor.  

The codon-optimised coding sequences for GH3-1, GH3-2 and GH3-3 were each cloned 

into pCVSα, pCVSα-His and pCV3S, with successful plasmid construction confirmed by 

restriction digest (Figure 4.3). The three resulting plasmids (pCVSα-GH3-1, pCVSα-GH3-

2, pCVSα-GH3-3, pCV3S-GH3-1, pCV3S-GH3-2 and pCV3S-GH3-3) were transformed 

into both wine (AWRI1631) and laboratory (BY4742) strains of S. cerevisiae. However, 

despite colonies displaying initial resistance to the antibiotic used for positive transformant 

selection on plates, strains transformed with the expression plasmids destined for genomic 

integration (pCVSα-GH3-1, pCVSα-GH3-2 and pCVSα-GH3-3) were not viable upon further 

culturing. Furthermore, integration of the plasmid constructs at the HO locus could not be 

detected by colony PCR. The episomal S. cerevisiae plasmids (pCVS3-GH3-1, pCVS3-

GH3-181776 and pCVS3-GH3-3) produced stable transformants in BY4742 background 

and were subsequently tested for protein production in synthetic complete medium with 

additional glucose. However, no heterologous protein was observed in the supernatant nor 

the lysate.  
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Figure 4.3: Restriction digests to confirm cloning of  S. cerevisiae expression plasmids for 

the putative GHF3 β-glucosidases GH3-1, GH3-2 and GH3-3 in E. coli. A) The genome 

integrating plasmids pCVSα-GH3-1, pCVSα-GH3-2, pCVSα-GH3-3 using pCVSα as the 

backbone vector. B)  The episomal plasmids pCV3S-GH3-1, pCV3S-GH3-2 and pCV3S-

GH3-3 using the pCV3 backbone excised the plasmid pCV3-pc4Cl2.  Bands visualised on 

1% (w/v) agarose gel. 
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Pichia pastoris expression systems for GHF3 enzymes  
Three expression plasmid variants were used for the assessment of protein expression in 

P. pastoris, pD912 (untagged), pD912-His (N-terminal His-tag) and pD912-ctHis (C-

terminal His-tag). Expression of all three variants was controlled by the methanol-inducible 

promoter, pAOX1, which also acted as the site for homologous integration into the P. 

pastoris genome. As used in the S. cerevisiae plasmids, all of the P. pastoris plasmids made 

use of the modified alpha factor secretion signal. The nine different expression plasmids 

(pD912-GH3-1, pD912-GH3-2, pD912-GH3-3, pD912-His-GH3-1, pD912-His-GH3-2 and 

pD912-His-GH3-3, pD912-GH3-1-His, pD912-GH3-2-His and pD912-GH3-3-His) were 

constructed in E. coli and confirmed by restriction digest (Figure 4.4). Plasmids were then 

transformed into a slow methanol utilising P. pastoris strain (BG11). Positive transformants 

were identified by resistance to zeocin and correct integration confirmed via PCR of the 

target locus (Figures 4.5 to 4.7). As a positive control, the aspartic protease, BCAP8 (Van 

Sluyter et al., 2013), was also cloned and transformed into the P. pastoris expression 

plasmid (pD912-BCAP-His) and transformed into BG11 with PCR confirmation of zeocin 

resistant isolates.  

The recombinant P. pastoris strains were tested for heterologous protein production over a 

96 hr time course following methanol induction. Protein extracts from both the culture 

supernatant and cell lysates were assessed by protein electrophoresis and staining for the 

non-tagged variants and immunoblotting using an anti-His monoclonal antibody for the His 

tagged variants. However, no His-tagged protein was observed in of any of the strains. 
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Figure 4.4: Restriction digest confirmation of cloning of GH3 β-glucosidases (GH3-1, GH3-

2 and GH3-3) into P. pastoris expression plasmids pD912 (A), pD912-His (B) and pD912-

ctHis (C) visualised on 1% (w/v) agarose gel. 
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Figure 4.5: PCR confirmation of integration of expression plasmids (pD912-GH3-1, pD912-

GH3-2, and pD912-His-GH3-3,) into P. pastoris strain BG11 at the pAOX1 locus. Fragments 

sizes: 1341 bp at 5’ pAOX1 and 943 bp at 3’ pAOX1 and visualised on 1% (w/v) agarose 

gel. 
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Figure 4.6: PCR confirmation of genomic integration of N-terminal His tagged expression 

plasmids (pD912-His-GH3-1, pD912-His-GH3-2 and pD912-GH3-3) into P. pastoris strain 

BG11 and visualised 1% (w/v) agarose gel. 5’ pAOX1: 1341bp. 3’ pAOX1: 943bp 

 

Figure 4.7 PCR confirmation of genomic integration of C-terminal His tagged expression 

plasmids (pD912-GH3-1-His, pD912-GH3-2-His and pD912-GH3-3-His) into the P. pastoris 

strain BG11. Fragments sizes: 1341 bp at 5’ pAOX1 integration site and 943 bp at 3’ pAOX1 

integration site and visualised on 1% (w/v) agarose gel.  
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RT-qPCR 
Successful induction of the AOX1 promoter by methanol and production of specific mRNA 

was tested by RT-qPCR in the C-terminal His-tagged expression system for all three β-

glucosidases (GH3-1, GH3-2 and GH3-3) and the BCAP8 control. Relative transcript levels 

were compared for each gene at just prior to, and 6 hrs after, the addition of methanol 

(Figure 4.8). Robust induction of mRNA expression was observed for the BCAP8 control 

demonstrating that the expression system itself was not fundamentally flawed. The GH3-2-

His strain also appeared to be producing mRNA following methanol induction. However, the 

GH3-1-His and GH3-3-His P. pastoris strains exhibited no observable transcriptional 

response to methanol. In order to ensure the promoter regions had not been mutated, the 

5’ pAOX1 PCR product (used to determine genomic integration) was sequenced. Sequence 

data was consistent with the design and the sequence of the plasmid used to make the 

transformants (Figure 4.9). 
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Figure 4.8: RT-qPCR amplification curves of GH3-1, GH3-2, GH3-3 and positive control (BCAP8) loci in uninduced (no methanol) and induced 

(methanol) P. pastoris strains containing expression plasmids for putative β-glucosidases, GH3-1, GH3-2 and GH3-3, and positive control (BCAP8). 

RT = mRNA was reverse transcribed. -RT= mRNA without reverse transcription. 
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Figure 4.9: 5’ pAOX1 PCR product sequence of pD912-GH3-1-His, pD912-GH3-2-His and pD912-GH3-3-His expression strains, low quality bases 

trimmed.
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Discussion 
Heterologous protein expression of three GHF3 β-glucosidases (GH3-1, GH3-2 and GH3-

3) was attempted in two different yeast expression hosts, S. cerevisiae and P. pastoris. 

Although there were no apparent issues regarding the assembly of the expression plasmids 

in E. coli, none of the expression cassettes were shown to produce detectable levels of 

protein in either yeast species. There are multiple levels at which protein production could 

be failing and although the reasons for failed expression are not clear, several avenues 

could be ruled out.  

It is not expected that the expression of the -glucosidase enzymes would be toxic to the 

hosts, as P. pastoris and S. cerevisiae have been used to express at least one other GHF3  

β-glucosidase previously (Dan et al., 2000).  However, this was achieved in S. cerevisiae 

using the inducible GAL1 promoter which may indicate that transient expression may be 

more suitable than the constitutive expression provided by the FBA1 promoter used in this 

study. However, the GAL1 system would not be appropriate for ‘in-wine’ testing due to 

glucose inhibition and a different inducible promoter would be required.  

In the case of the S. cerevisiae expression systems, there were two separate responses to 

transformation with expression plasmid. All plasmids containing the HO homologous sites 

for genomic integration (pCVSα-GH3-1, pCVSα-GH3-2 and pCVSα-GH3-3) rendered 

transformants that were non-viable upon sub-culturing in liquid media, despite initial 

antibiotic resistance on the transformation plates, suggesting poor selection and ineffective 

genomic integration. In comparison, cells transformed with the replicating plasmid (pCVS3-

GH3-1, pCV3S-GH3-2 and pCV3S-GH3-21279) grew well in selective media but did not 

produce detectable levels of the heterologous protein.  

The HO homologous regions used as genomic integration sites are approximately 150 bp 

in length and have been used previously with other gene cassettes (Lee et al., 2016). 

However, they have not been used in combination with the modified alpha factor as a 

secretion signal. As alpha factor is a native S. cerevisiae protein, it is possible the sequence 

(183 bp) is acting as an alternate homologous site and interfering with genomic integration 
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at the HO locus. If this is occurring, altering the peptide secretion signal may resolve the 

viability issues that were observed for these transformants.  

The absence of detectable heterologous protein in the pCV3S series of transformants could 

have numerous causes, including repression of gene expression, unstable mRNA 

transcripts, protein degradation or loss of the plasmid. However, given the lower levels of 

secreted protein typically produced by S. cerevisiae relative to Pichia, the lack of protein 

could also simply be due to overall inadequate expression levels and not a specific problem 

with the expression system. 

As P. pastoris is considered to be a more effective platform for the production of large 

amounts of secreted protein, the absence of protein expression in this system is more 

informative. The control plasmid (pD912-BCAP8-His) produced significant amounts of 

protein under the same culture conditions as the three β-glucosidase-expressing strains 

and confirmed that the expression system itself was functional. As genomic integration was 

confirmed for all P. pastoris plasmids by PCR and antibiotic resistance, issues also do not 

appear to be due to differences in genomic integration of the cassette. 

Potential issues related to the production of mRNA were assessed using RT-qPCR, 

comparing mRNA levels of uninduced and methanol induced samples of the C-terminal His 

tagged variants (pD912-GH3-1-His, pD912-GH3-2-His and pD912-GH3-21279-His). The 

BCAP8 control was used to benchmark the expected transcriptional response of pAOX1 to 

methanol induction and relatively weak mRNA induction was observed for GH3-2. No 

mRNA was observed for either GH3-1 or GH3-3. This lack of mRNA template is likely the 

cause of GH3-1 and GH3-3 not being expressed. However, as no DNA mutations were 

observed in the promoter regions of these transformants which are identical to the control, 

the lack of specific mRNA is likely due to other post-transcriptional phenomena, such as 

transcript or protein instability. 

The stability of the GH3 mRNAs may be adversely affected by the ORF size, as the 

glucosidases investigated in this study were large proteins (839 - 953 aa including the 61 
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aa alpha factor leader). In comparison, the BCAP8 positive control was only 381 aa 

(including the alpha factor leader). Alternate codon usage could also be used to potentially 

improve the transcript stability of GH3-1 and GH3-3. However, if transcription is being 

repressed, further investigation would be required. RNAseq experiments could be used to 

test for changes in cellular gene expression and potentially identify repression. However, 

this would not indicate why the β-glucosidases are causing an issue and is beyond the 

scope of this work. Simpler experiments would be to attempt protein expression in a different 

host organism such as E. coli or in vitro. Experiments could also attempt to express shorter 

protein fragments and detect specific problematic regions.  

The third β-glucosidase, GH3-2, appears to have a functioning pAOX1 by RT-qPCR. As 

such, malfunction in protein expression is occurring post transcription; potentially during 

translation or protein processing such as folding and secretion. No products of degradation 

were observed indicating highly efficient degradation or very low overall expression. A 

protease deficient P. pastoris strain could be used to test for possible degradation.  

Conclusions 
Three putative β-glucosidases, GH3-1, GH3-2 and GH3-3, of yeast origin with homology to 

GHF3 were selected for heterologous expression in the yeasts P. pastoris and S. 

cerevisiae. However, expression attempts for these β-glucosidases failed in both hosts. 

Ineffective genomic integration appears to be preventing transformation with pCVSα 

plasmids into S. cerevisiae. However, it is not clear why the plasmid-based protein 

expression of pCV3S did not produce protein in S. cerevisiae. In comparison, P. pastoris 

expression issues appear to be enzyme specific. RT-qPCR results for the strains confirmed 

that mRNA transcript for GH3-1-His and GH3-3-His is not present 6 hours after induction of 

the AOX1 promoter with methanol and the lack of transcript is preventing production of 

these proteins. However, the GH3-2-His strain does appear to contain mRNA and protein 

production appears to be failing post-transcription. There are numerous avenues to 

investigate but in future work it would be expedient to continue experiments in P. pastoris 

over S. cerevisiae, as the issues appear to occur at later stages of protein production. 
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Chapter 5: Heterologous expression and characterisation of putative 

β-glucosidases from GHF1 in Pichia pastoris  

Introduction 
GHF1 β-glucosidases (EC 3.2.1.21) hydrolyse the covalent bonds of terminal non-reducing 

-glucosyl residues, releasing a β-glucose and a second compound. The glycosylation and 

de-glycosylation of aglycones are involved in various biological roles but are significant to 

the food and beverage industries as glycosylation of organoleptic aglycones can inhibit 

sensorial properties and the glycosylated forms of aglycones tend to be more abundant. 

Consequently, glycosides are a reservoir of organoleptic compounds. In grapes, many of 

these aglycones are connected to glucose moieties (Williams et al., 1982, Voirin et al., 1990) 

and therefore β-glucosidases can mediate their release. In this way, β-glucosidases could 

potentially be used to modify and promote specific flavours in during winemaking.  

Glucose tolerance is a significant property of GHF1 β-glucosidases (Riou et al., 1998, 

Perez-Pons et al., 1995, De Giuseppe et al., 2014) and is highly desirable for many 

applications including winemaking. GHF1 enzymes have a retaining mechanism (Withers 

et al., 1986) whereby stereochemistry of the anomer centre is retained after hydrolysis. As 

stereochemistry is retained, the structure of organoleptic compound is preserved.  

Four β-glucosidases belonging to GHF1 were selected from the mixed varietal grape marc 

metagenome (Chapter Three) for heterologous expression in the yeast Pichia pastoris in 

order to investigate enzyme properties and assess potential suitability as a winemaking 

adjunct.  
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Results 

Candidate β-glucosidases  
Four candidate -glucosidases (designated GH1-1, GH1-2, GH1-3 and GH1-4) with 

homology to -glucosidases from GHF1 (Table 5.1) were selected for analysis from the 

gene predictions of the MVGM metagenome (Chapter 3). They contain no matches to the 

NCBI protein database (≥80% amino acid) and have divergent primary amino acid 

sequences relative to each other and other matching gene predictions (Figure 5.1). All 

candidates appear to cover the full length of InterPro GHF1 domain (IPR001360) or GHF1, 

β-glucosidase (IPR017736), and do not appear to be truncated. None of the candidate β-

glucosidases were predicted to have signal peptides. GH1-1, GH1-2, GH1-3 and GH1-4 all 

appear to be of bacterial origin with their closest homologs being represented by bacterial 

proteins in the NCBI protein database (Table 5.1).  



 

 
 

Table 5.1: Summary of assessment and classification of selected putative -glucosidases identified from the Mixed Varietal Grape Marc (MVGM) 

metagenomes. Signal peptides predicted by SignalP 4.1. 

Name Size  
Glycosylation sites 
(Asn-Xaa-Ser/Thr) Interpro domains Closest NCBI match Signal Peptide 

Percentage 
Identity to other 

candidates 
GH1-1 449 aa 

(51kDa) 
 

No Glycoside hydrolase, family 1, -
glucosidase (IPR017736), 

GO:0008422 -glucosidase activity 

100%, 66% -glucosidase 
(Rheinheimera tuosuensis) 
WP_097110528.1 

No, No. 
Bacterial gram + 
and gram – 
models. 

GH1-2: 39% 
GH1-3: 22% 
GH1-4: 44% 

GH1-2 455 aa  
(51kDa) 

No  Glycoside hydrolase, family 1, -
glucosidase (IPR017736), 

GO:0008422 -glucosidase activity 

99%, 58% -glucosidase 
(Sorangium cellulosum 
) WP_012240271.1 

No, No. 
Bacterial gram + 
and gram – 
models. 

GH1-1: 39% 
GH1-3: 24% 
GH1-4: 27% 

GH1-3 422 aa 
(45kDa) 

No Glycoside hydrolase family 1 
(IPR001360), 
GO:0004553 hydrolase activity, 
hydrolysing O-glycosyl compounds 

93%, 48% glycoside hydrolase 
family 1 protein (Acidimicrobiia 
bacterium) RTL08589.1 

No, No. 
Bacterial gram + 
and gram – 
models. 

GH1-1: 22% 
GH1-2: 24% 
GH1-4: 21% 

GH1-4 477 aa  
(54kDa) 

Yes. Position: 424 
amino acid. 
Sequence: NRSV 

Glycoside hydrolase family 1 
(IPR001360), 
GO:0004553 hydrolase activity, 
hydrolysing O-glycosyl compounds 
GO:0004553 hydrolase activity, 
hydrolysing O-glycosyl compounds 

99%, 42% Hypothetical protein 
(Bdellovibrionales bacterium 
GWA2 29 15) OFZ13310.1  

No, No. 
Bacterial gram + 
and gram – 
models. 

GH1-1: 44% 
GH1-2: 27% 
GH1-3: 21% 
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Figure 5.1:  Distance in primary amino acid sequence of β-glucosidases candidates 

identified from CGM and MVGM metagenomes. Candidate GHF1 β-glucosidases in black.  
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Expression of GHF1 β-glucosidases, GH1-1, GH1-2, GH1-3 and GH1-4, in Pichia 
pastoris 
The amino acid sequences of the four putative GHF1 β-glucosidases (GH1-1, GH1-2, GH1-

3 and GH1-4) were codon optimised for P. pastoris expression and synthesised with a C-

terminal 6xHis tag for detection by immunoblotting. These ORF sequences were cloned into 

the P. pastoris expression plasmid, pD912 using Gibson assembly (Gibson et al., 2009). 

Successful construction of the expression plasmids, pD912-GH1-1, pD912-GH1-2, pD912-

GH1-3 and pD912-GH1-4, in E. coli was confirmed by restriction digest of purified plasmid 

DNA (Figure 5.2). The pD912 expression plasmid fuses the coding sequences for GH1-1, 

GH1-2, GH1-3 and GH1-4 to a modified alpha factor leader sequence to facilitate protein 

secretion. pAOX1 acts as both the homologous site for plasmid integration into the P. 

pastoris genome and also drives methanol induced expression of the ORF of interest.  

 

Figure 5.2: Preparation of C-terminally His-tagged gene expression cassettes for putative 

β-glucosidases (GH1-1, GH1-2, GH1-3 and GH1-4) in P. pastoris and visualised on 1% 

(w/v) agarose gel. Restriction digest of P. pastoris expression vectors: pD912-GH1-1, 

pD912-GH1-2, pD912-GH1-3 and pD912-GH1-4.  

The expression plasmids were transformed into a slow methanol utilizing P. pastoris strain, 

BG11. Transformants were selected via zeocin resistance and successful genomic 

integration at pAOX1 was confirmed by PCR. All four candidate enzymes produced 

successfully integrated transformants (Figure 5.3).  
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Figure 5.3 PCR verification of genomic integration of expression plasmids (pD912-GH1-1, 

pD912-GH1-2, pD912-GH1-3 and pD912-GH1-4) into P. pastoris strain BG11 at pAOX1 

and visualised on 1% (w/v) agarose gel.  

The resulting four recombinant P. pastoris strains for GH1-1, GH1-2, GH1-3 and GH1-4, 

respectively) were tested for protein expression by methanol induction over a 96 hr time 

course. Recombinant protein was detected via immunoblotting using an anti-His 

monoclonal antibody (Figures 5.4). Relative protein abundance was measured by the 

relative density of protein bands in immunoblot as determined by image analysis (Table 

5.2). GH1-1, GH1-3 and GH1-4 were readily detected in culture supernatant. GH1-2 protein 

was not observed in supernatant (Figure 5.4). However, a protein band of the expected 

mass for GH1-2 was observed in the cell lysate which appeared to be methanol induced. 

GH1-1 and GH1-3 show highly abundant protein following 12 hr of methanol induction, 

however the intensity of these bands diminish as the induction period progresses and 

smaller protein bands appear (Figure 5.4 and Table 5.2). The abundance of GH1-1 at 12 hr 

was reduced to a tenth of its original intensity by 96 hr and little GH1-1 protein was observed 

in the cell lysate. GH1-3 expression reduces at 96 hr. GH1-3 also appeared in the cell lysate 

with an apparent increasing abundance over the 96 hr. GH1-4 accumulates over the 96 hr 
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induction period in both the supernatant and cell lysate with no degradation products 

detected. However, as immunoblot does not detect protein without the His epitope, there 

may be untagged products that are not observed. Optimum expression of GH1-1 occurs at 

12 hr, GH1-3 at 24 hr and GH1-4 at between 72 hr and 96 hr (Table 5.2). GH1-1, GH1-3 

and GH1-4 showed no obvious signs of glycosylation, with all of the observed protein bands 

occurring at the expected sizes based on amino acid sequence alone. 

 

 Figure 5.4: Protein expression of putative glycoside hydrolase family 1 -glucosidases 

GH1-1 (at ~50kDa), GH1-2 (~60kDa), GH1-3 (~55kDa) and GH1-4 (~55kDa) by the 

recombinant P. pastoris strains. Visualised on nitrocellulose membrane immunoblotted with 

anti-His tag monoclonal antibody. 
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Table 5.2: Image analysis of GH1-1, GH1-2, GH1-3 and GH1-4 immunoblots over 96 hours 

of methanol induction. RD = relative density of recombinant protein. Optimum relative 

density in bold. 

   
12 hr 24 hr 48 hr 72 hr 96 hr 

GH1-1 Supernatant Area 22628 23181 13982 7417 2005 

  
RD 1.00 1.02 0.62 0.33 0.09 

GH1-2 Lysate Area 3172 8873 10971 9589 15750 

  
RD 1.00 2.80 3.46 3.02 4.97 

GH1-3 Supernatant Area 47480 48850 20708 32431 1434 

  
RD 1.00 1.03 0.44 0.68 0.03 

 Lysate Area 7732 28440 26726 29070 28672 
  RD 1.00 3.68 3.46 3.76 3.71 

GH1-4 Supernatant Area 1532 16350 33061 31989 50747 

  
RD 1.00 10.67 21.58 20.88 33.13 

 Lysate Area 2913 6350 11395 13583 12369 

  
RD 1.00 2.18 3.91 4.66 4.25 

 

Characterisation of GH1-1, GH1-3 and GH1-4 putative β-glucosidases 
The β-glucosidase activity of heterologously expressed GH1-1, GH1-3 and GH1-4 was 

evaluated using p-nitrophenyl--D-glucopyranoside and recombinant protein in crude 

supernatant. Supernatants were harvested at the optimum expression period for each 

enzyme as determined from the immunoblotting experiments (Table 5.2). β-glucosidase 

activity was readily detected for all three enzymes and the temperature and pH optima for 

each enzyme were determined (Figure 5.5). GH1-3 and GH1-4 showed very similar patterns 

in response to temperature and pH and were most active at 30 oC and pH 6. However, GH1-

3 appears to be more active per mg of total protein in the supernatant. In comparison, GH1-

1 is most active at 20 oC and pH 7. All three enzymes are poorly tolerant of high 

temperatures but are more robust to varying pH levels. 
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Figure 5.5: Response of putative -glucosidases GH1-1, GH1-3 and GH1-4 activity on p-

nitrophenyl glucopyranoside substrate to pH and temperature. pH test performed at 37 oC 

and temperature tests at pH 6.0. Activity (U) was defined as the μmol of -glucose 

(equimolar with p-nitrophenol) released per minute. 
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The effect of different concentrations of the p-nitrophenyl substrate on enzyme velocity was 

evaluated in order to determine substrate affinity (Km) and maximum velocity for each 

protein (Figures 5.6 to 5.8). Non-linear regressions were performed using Michaelis-Menten 

(Y=Vmax*X/(Km+X)) and Allosteric Sigmoidal (Y=Vmax*Xh/(Khalf
h+Xh)) models and best fit 

determined by the sum of squares F test. GH1-1 displayed allosteric sigmoidal enzyme 

kinetics, R2=0.9805 (Figure 5.6). The maximum velocity of GH1-1 is 0.075 µmol/min/mg 

and its substrate concentration for half maximal enzyme velocity (Khalf) is estimated at 149.8 

mM. GH1-3 and GH1-4 both fit Michalis-Menten substrate kinetics. GH1-3 has a maximum 

enzyme velocity of 0.061 µmol/min/mg and a substrate affinity (Km) of 5.5 mM. GH1-4 has 

a maximum enzyme velocity of 0.046 µmol/min.mg and Km of 7.2 mM. 
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Allosteric sigmoidal Model  
Vmax 0.075 µmol/min/mg 
h 0.63 
Khalf 149.8 mM 
Kprime 23.1 mM 
Goodness of Fit  
R squared 0.9802 
Constraints  
h h > 0 
Khalf Khalf > 0 

 

Figure 5.6:  Substrate concentration and enzyme velocity kinetics of glycoside hydrolase 

family 1 β-glucosidase GH1-1 monitored on spectrophotometer at pH 7.5 and at 25 oC. Best 

fit curve matching allosteric sigmoidal non-linear regressions.  Enzyme velocity as the 

number of μmols of p-nitrophenol released per minute. Error bars the standard deviation of 

replicates. 
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Michaelis-Menten  
Vmax 0.061 µmol/min/mg 
Km 5.5 mM 
Goodness of Fit  
R squared 0.9640 
Constraints  
Km Km > 0 

 

Figure 5.7:  Substrate concentration and enzyme velocity kinetics of glycoside hydrolase 

family 1 β-glucosidase GH1-2 monitored on spectrophotometer at pH 7.5 and at 25 oC, best 

fit curve matching allosteric sigmoidal non-linear regressions. Enzyme velocity as the 

number of μmols of p-nitrophenol released per minute. Error bars the standard deviation of 

replicates. 
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Michaelis-Menten  
Vmax 0.046 µmol/min/mg 
Km 7.2 mM 
Goodness of Fit  
R squared 0.9815 
Constraints  
Km Km > 0 

 

Figure 5.8:  Substrate concentration and enzyme velocity kinetics of glycoside hydrolase 

family 1 β-glucosidase GH1-4 monitored on spectrophotometer at pH 7.5 and at 25 oC, with 

Michaelis Menten non-linear regression curve fitted. Enzyme velocity as the number of 

μmols of p-nitrophenol released per minute. Error bars the standard deviation of replicates. 
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Discussion  
The Pichia pastoris expression platform is well known for providing high levels of protein 

expression with simple purification protocols due to the yeast’s highly active secretion 

pathway. Use of the methanol inducible alcohol oxidase promoters was also established to 

facilitate tightly regulated protein expression and to act as a locus for homologous 

recombination into P. pastoris. In this manner, pAOX1 was effective at integrating all four 

of the pD912 expression plasmids into the P. pastoris genome and three of the four 

candidate β-glucosidases (GH1-1, GH1-3 and GH1-4) expressed protein at high levels 

upon methanol induction. Protein of the final GHF1 candidate, GH1-2, was not detectable 

in the culture supernatant of the transformed strain. There was a protein band detected in 

the cell lysate that was close to the expected size of GH1-2, however, given this protein 

band was larger than the expected mass of GH1-2 and GH1-2 is not expected to be 

glycosylated, this is unlikely. An alternate explanation is that this band is a native protein 

with a 6xHis like motif producing a false negative in the immunoblotting. Isolation from the 

cell lysate and testing of the unknown band for β-glucosidase activity could potentially 

elucidate whether this protein has the expected enzyme identity. 

There can be several reasons for failed protein production. However, given the other GHF1 

-glucosidase candidates were produced under the same expression system, it is 

improbable that transcription is not occurring upon methanol induction. More likely are post-

transcriptional issues, such as poor transcript stability or proteolysis during processing. 

Transcript stability could be tested for by RT-qPCR and proteolysis reduced by testing 

expression in protease deficient strains. 

As un-secreted GH1-3 and GH1-4 protein was observed in the cell lysates of the expression 

strains (Figure 5.4) improving protein secretion could also improve protein expression. This 

could be optimised by screening alternate secretion signal peptides. GH1-1 and GH1-3 are 

unstable over the 96 hr time course and future work to improve stabilisation of the protein 

would be necessary if the enzymes were targeted for commercial use. If this destabilisation 
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is the result of protease activity in P. pastoris, a protease deficient strain may be sufficient 

to ensure stability. 

The β-glucosidase activity of GH1-1, GH1-3 and GH1-4 was evaluated against p-

nitrophenyl-glucopyranoside, which forms glucose and p-nitrophenol when hydrolysed. In 

solution p-nitrophenol exists in equilibrium with the deprotonated form p-nitrophenolate 

which absorbs strongly at 400 to 420nm (Biggs, 1954) and this absorption was used to 

monitor the hydrolysis reaction. p-Nitrophenolate is the main form at pH ≥ 7.5 and as such, 

tests had to either be performed at pH ≥ 7.5 for direct monitoring or the pH had to be 

increased post reaction to force the formation of p-nitrophenolate, as was required for the 

pH and temperature tests. The substrate concentration kinetics were performed at pH 7.5 

to allow for constant monitoring of the reaction. This pH is not optimal for GH1-1, GH1-3 or 

GH1-4, so it is expected that the observed maximum enzyme velocity may be increased if 

the experiments were performed at the optimum pH for each enzyme. This effect should 

however be limited, as the pH is not far outside of the optimal ranges for the three β-

glucosidases and should also have no effect on the Km and Khalf estimates.  

GH1-3 and GH1-4 are the most closely related by primary amino acid structure (Figure 5.1) 

and this is reflected in the response to pH and temperature which are almost identical except 

for overall activity per mg and Km values. The three enzymes are suited to neutral to slightly 

acidic pH conditions and have significant decrease in activity below pH 5. GH1-1 and GH1-

4 have almost no activity at pH 4 and GH1-3 loses its remaining activity by pH 3. This is a 

potential barrier to use in winemaking, especially in combination with low overall enzyme 

activity. GH1-1 has the lowest temperature optima at 20 oC, and GH1-3 and GH1-4 

temperature optima is only moderately higher at 30 oC. These optima lie within wine 

fermentation temperature ranges. 

Previously, GHF1 enzymes have been reported to function as dimers or more complex 

quaternary structures. As this could be a potential avenue for cooperativity non-Michaelis-

Menten substrate kinetics of GH1-1 seem reasonable, although the precise cause is 

unknown.  
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β-glucosidase enzyme activity is of interest as a method to induce the release of 

organoleptic compounds from glycoside precursors in grapes by their addition during 

winemaking in order to modulate wine flavour. The β-glucosidases produced, GH1-1, GH1-

3 and GH1-4, were poorly active in crude supernatant, with enzyme activities less than 0.1 

U/mg observed consistently in all activity assays with p-nitrophenyl glucopyranoside. 

Purification of these enzyme from crude supernatant may improve activity. Other GHF1 β-

glucosidases have demonstrated much high activities towards the p-nitrophenyl 

glucopyranoside substrate. However, as demonstrated in numerous studies (Biver et al., 

2014, Lecas et al., 1991, Gruninger et al., 2014, Unno et al., 2014), the substrate affinity of 

β-glucosidases can be highly variable between different glucosides and can vary by orders 

of magnitude depending on the aglycone substituent. Therefore, it remains possible that 

GH1-1, GH1-3 and GH1-4 may have more viable levels of activity on alternate substrates, 

including grape flavour precursors . In future work, β-glucosidase activity by GH1-1, GH1-3 

and GH1-4 on wine flavour precursors could by investigation by addition to grape 

fermentations or directly on purified wine flavour precursors in order to determine the 

specific enzyme kinetics. As GH1-1, GH1-3 and GH1-4, also had poor response to wine 

pH, testing of specific flavour precursors outside of wine-like such as with purified 

compounds may be more appropriate. Alternatively, if the structures of these enzymes 

could be resolved, the interactions between these β-glucosidases and various glycoside 

substrates could be modelled. If GH1-1, GH1-3 and GH1-1 have selectivity to either specific 

desirable or undesirable aglycones, such as in smoke tainted grapes, this may be more 

valuable than the poor suitability to the winemaking environment is a detriment as enzymes 

treatment could be targeted to specific flavours.  
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Conclusions 
GH1-1, GH1-2, GH1-3 and GH1-4 were identified as potential glycoside hydrolase family 1 

β-glucosidases from the MVGM gene predictions. GH1-1, GH1-3 and GH1-4 were 

successfully produced by P. pastoris and all demonstrated β-glucosidase activity on the p-

nitrophenyl-glucopyranoside. GH1-1 and GH1-4 had similar responses to pH and 

temperature, with optimal activities at pH 6 and 30 oC. GH1-3 had optimal activity at pH 7 

and 20 oC. However, all three showed significant loss of enzyme activity at pH 4, had low 

overall activity and poor substrate affinity. Future work should address overall activity as 

well as testing alternate substrates, such as purified flavour precursors which could 

potentially outweigh poor suitability to wine conditions, and as enzyme treatments during 

winemaking,.  
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Chapter 6: Heterologous expression of Polygalacturonases from 

GHF28 in Pichia pastoris 

Introduction 
Polygalacturonases (EC 3.2.1.15) hydrolyse polygalacturonic acid (homogalacturonan), the 

backbone structure of pectin, into small oligo-galacturonans and galacturonic acid. Pectin 

is a major component of plant cell walls and production of polygalacturonases by plants is 

important in fruit ripening (Prasanna et al., 2007, Gao et al., 2019, Ortega-Regules et al., 

2007). Complete pectin degradation requires a mixture of activities including 

polygalacturonases, pectin lyases and pectin methylesterases. Microorganisms that inhabit 

the plant biome often produce pectinolytic enzymes to aid pathogenesis or to increase 

availability of nutrients (Girard et al., 2013, Armijo et al., 2016). Similarly, saprotrophic 

micro-organisms that degrade plant remains, such as those found in compost, produce 

these enzymes to breakdown the plant material (Zhou et al., 2017). 

In industry, enzyme extracts from ‘generally regarded as safe’ fungal species, such as 

Aspergillus niger, are used to mediate the degradation of pectic substances and facilitate 

the clarification of fruit juices and to a lesser extent to enhance juice extraction (Jayani et 

al., 2005, Claus and Mojsov, 2018). However, these enzyme preparations have a history of 

off-target enzymatic activities (Claus and Mojsov, 2018, van Rensburg and Pretorius, 2000) 

and many enzymes are poorly adapted to winemaking conditions.  

Pectin active glycoside hydrolases are typically classified as GHF28 and 

polygalacturonases have only ever been found from this enzyme family. GHF28 enzymes 

have been noted to have a distinct parallel (β)-helix architecture that is highly associated 

with pectinolytic enzymes (Petersen et al., 1997, Pickersgill et al., 1998) and typically use 

catalytic aspartic acid residues, as a nucleophile and proton donor pair to add water across 

the glycosyl bond and functionalise hydrolysis. These features make polygalacturonases 

an effective target for identification from predicted protein coding genes. 
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In order to assess potential suitability for winemaking applications, five putative 

polygalacturonases were selected from the gene predictions made from the CGM and 

MVGM metagenomes. The five candidates were targeted for heterologous protein 

expression in Pichia pastoris, and subsequently characterised.  

Results 

Heterologous expression of putative polygalacturonases in P. pastoris 
Five putative polygalacturonases (GH28-1, GH28-2, GH28-3, GH28-4, and GH28-5) were 

selected from the genes predicted from the Chardonnay must and mixed varietal grape 

marc metagenomes (Chapter 3), with a mixture of bacterial and fungal origins (Table 6.1). 

The selected enzymes all contain homology to GHF28 and can be expected to be active on 

pectic substances. Candidate enzymes also had no significant (sequence identity <80%) 

matches to NCBI protein database, did not match to any characterised polygalacturonases 

in the NCBI protein database and cluster separately to each other by multiple sequence 

alignment and PhyML clustering (Figure 6.1). Potential signal peptides were detected in the 

amino acid sequences of GH28-1 and GH28-2 (Figure 6.2) and were removed from the 

coding sequences prior to gene synthesis.  
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Table 6.1: Enzyme homology and classification of putative polygalacturonases (GH28-1, GH28-2, GH28-3, GH28-4 and GH28-5) identified from CGM 

and MVGM metagenomes 

Name Origin Size Interpro domains Closest NCBI match Percent identity to other 

candidates 

GH28-1 CM 439 aa 

(49kDa) 

IPR000743: Glycoside hydrolase, family 

28. Signal Peptide 1-21. GO:0004650 

Polygalacturonase activity. 

100%, 75% hypothetical protein [Hortaea 

werneckii] RMZ19198.1 

GH28-2: 28%, GH28-3: 22%, 

GH28-4: 24%, GH28-4: 23% 

GH28-2 CM  436 aa 

(47kDa) 

IPR000743: Glycoside hydrolase, family 

28. Signal Peptide 1-17. GO:0004650 

Polygalacturonase activity. 

99%, 59% Probable exopolygalacturonase 

(Phialocephala subalpina) CZR64156.1 

GH28-1: 28%, GH28-3: 26%, 

GH28-4: 27%, GH28-5: 22% 

GH28-3 MVGM  422 aa 

(45kDa) 

IPR000743: Glycoside hydrolase, family 

28. GO:0004650 Polygalacturonase 

activity. 

95%, 57% exopolygalacturonase 

(Verrucomicrobia bacterium) 

WP_09055898.1 

GH28-1: 22%, GH28-2: 26%, 

GH28-4: 27%, GH28-5: 29% 

GH28-4 MVGM  458 aa 

(51kDa) 

IPR000743: Glycoside hydrolase, family 

28. IPR006626: Parallel beta-helix repeat. 

GO:0004650 Polygalacturonase activity.  

96%, 76% glycoside hydrolase family 28 

protein (Asticcacaulis sp. YBE204) 

WP_023463568.1 

GH28-1: 24%, GH28-2: 27%, 

GH28-3: 27%, GH28-5: 26% 

GH28-5 MVGM  461 aa 

(51kDa) 

IPR000743: Glycoside hydrolase, family 

28. GO:0004650 Polygalacturaonase 

activity.  

96%, 33% hypothetical protein 

(Ktedonobacteales bacterium Uno3) 

GCE13494.1 

GH28-1: 23%, GH28-2: 22%, 

GH28-3: 29%, GH28-4: 26% 
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Figure 6.1: PhyML clustering of predicted proteins from the CGM and MVGM metagenomes 

containing GHF28 homologous domains with selected polygalacturonase candidates in 

black.  
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Figure 6.2: Signal peptide sites in GH28-1 and GH28-2 native amino acid sequences 

identified by SignalP 4.0 using the Eukaryotic model (euk networks) of signal peptides sites. 

Predicted cleavage sites are located at the intersection of C, S and Y-scores where total 

score is ≥ 0.5. 
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The coding sequences of the candidate polygalacturonases were optimised for expression 

in P. pastoris and the sequence for a 6xHis tag added to the C-terminus.  The coding 

sequences were then cloned into the P. pastoris expression vector, pD912 using Gibson 

assembly (Gibson et al., 2009). Appropriate construction of the plasmids was confirmed by 

restriction digest (Figure 6.3). The P. pastoris expression vectors (pD912-GH28-1, pD912-

GH28-2, pD912-GH28-3, pD912-GH28-4 and pD912-GH28-5) were transformed into a P. 

pastoris strain, BG11, with slow methanol utilisation. Genomic integration into the pAOX1 

locus was confirmed by PCR of zeocin resistant isolates (Figure 6.4).  

 

 

Figure 6.3: Confirmation of construction of P. pastoris expression plasmids, pD912-GH28-

1, pD912-GH28-2, pD912-GH28-3, pD912-GH28-4 and pD912-GH28-5, by XhoI and NdeI 

double digests and visualised on 1% (w/v) agarose gel.  
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Figure 6.4: PCR of pAOX1 genomic integration sites of P. pastoris BG11 transformants with 

D912-GH28-1, pD912-GH28-2, pD912-GH28-3, pD912-GH28-4 and pD912-GH28-5. DNA 

products visualised on 1% (w/v) agarose gel. Expected amplicon sizes 1341 bp at 5’ pAOX1 

and 942 bp at 3’ pAOX1.  
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Protein expression by recombinant P. pastoris strains 
Once plasmid construction and genomic integration into the pAOX1 locus was confirmed, 

protein expression via methanol induction of the AOX1 promoter was assessed over a 96 

hr time course using immunoblotting with an anti-His tag monoclonal antibody (Figure 6.5). 

The GH28-2 and GH28-3 proteins were produced at high levels (Figure 6.5 B and C), while 

lower levels of protein expression were observed for GH28-1 (Figure 6.5 A & D). However, 

no recombinant protein was detected in strains transformed with the GH28-4 and GH28-5 

expression plasmids (Figures 6.5 D & E). 

Immunoblotted protein bands for GH28-1 were observed at the expected mass (47 kDa) 

based upon the number of amino acids in the sequence. GH28-1 protein was not observed 

after 12 hours of induction, accumulates slightly from 24 hr to 96 hr. 

The expected mass for GH28-2 is 48 kDa, however the protein in the recombinant strain 

appears to have a mass of approximately 80 kDa, suggesting that the protein is 

glycosylated. This observation correlates well with the presence of fourteen N-glycosylation 

consensus sites (Asn-X-Ser/Thr) in the GH28-2 amino acid sequence. GH28-2 appears to 

continue to accumulate in the supernatant over the full 96 hr time course (Table 6.2), 

increasing by 4.9-fold at 96 hr relative to 12 hr. 

Two bands of similar but distinct sizes appear in the GH28-3 supernatants. These have a 

slightly higher mass than expected from translation of the ORF and may represent two 

different glycosylated forms of GH28-3. The intensity of both of these protein bands peaks 

at 48 hr and then decreases rapidly, with almost no full-sized protein observable after 96 

hr. Smaller bands begin to appear after 12 hr and increase over time (Table 6.2). This data 

suggests that GH28-3 may be unstable in the culture supernatant.  
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Figure 6.5: Protein expression post methanol induction of pAOX1 for putative 

polygalacturonases, GH28-1, GH28-2, GH28-3 and GH28-4, in P. Pastoris. Protein 

immunoblotted on nitrocellulose membrane by anti-His tag monoclonal antibody.  

  



 

105 
 

Table 6.2: ImageJ analysis of GH28-1, GH28-2 and GH28-3 induction in supernatants in 

western blot. RD =Relative density. 

 GH28-1 GH28-2 GH28-3 

Time (hours) Area RD Area RD Area RD 

12 0 0 8603 1.00 30865 1.00 

24 5913 1.00 23404 2.72 41887 1.36 

48 5761 0.97 39664 4.61 51485 1.67 

72 7377 1.25 42443 4.93 30735 1.00 

96 7269 1.23 42352 4.92 927 0.03 

 

Enzymatic characterisation of heterologous GH28-1, GH28-2 and GH28-3 
Crude supernatants of recombinant GH28-1, GH28-2 and GH28-3 were tested for 

polygalacturonase activity (polygalacturonic acid hydrolysis). Both GH28-1 and GH28-2 

demonstrated measurable activity but no activity was detected for GH28-3. GH28-1 was 

shown to be less active (per milligram of protein mass) than GH28-2. The pH (Figure 6.6) 

and temperature (Figure 6.7) optima of GH28-1 and GH28-2 were also determined. Both 

enzymes are active over a large pH range. GH28-1 retained most of its activity across a pH 

range from pH 3.5 to pH 6.5, while GH28-2 activity remained high across a pH range from 

4 to 6. GH28-1 was most active between pH 4.5 and pH 5.5. GH28-2 displayed optimal 

activity at approximately pH 5. GH28-1 retained more activity at low pH, with approximately 

35% of maximum activity observed at pH 3.0, whereas GH28-2 retains 60% activity at pH 

3.5, but very reduced activity (1.7%), at pH 3.2. 

GH28-1 and GH28-2 display very different responses to temperature. GH28-1 was most 

active at 20 oC and retained most of its activity across the temperature range of 10 oC to 30 

oC. In comparison, GH28-2 was most active at 60oC and retained 50% activity between 40 

oC and 70 oC.  

 .  



 

106 
 

 

Figure 6.6: Response of P. pastoris expressed GH28-1 and GH28-2 polygalacturonase 

activity to pH.  
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Figure 6.7: Response of P. pastoris expressed GH28-1 and GH28-2 polygalacturonase 

activity to temperature. 
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The change in velocity of GH28-2 according to increasing substrate concentrations was 

also determined. Non-linear regression of GH28-2 activity showed a better fit to the 

allosteric sigmoidal regression model than to standard Michalis-Menten kinetics (Figure 

6.8). From the best fit of allosteric sigmoidal non-linear regression GH28-2 maximum 

enzyme velocity (Vmax) is 137.6 μmol/min/mg, Hill’s coefficient of 2.24, substrate 

concentration at half maximal enzyme velocity (Khalf) is 1.11 mg/ml and Kprime is 1.27 mg/ml. 

The GH28-1 substrate kinetics could not be determined due to low activity.  
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Allosteric sigmoidal Model  
Vmax 137.6 μmol/min/mg 
h 2.237 
Khalf 1.11 mg/ml 
Kprime 1.27 mg/ml 
Goodness of Fit  
R squared 0.8955 
Constraints  
h h > 0 
Khalf Khalf > 0 

 

Figure 6.8: Polygalacturonic acid concentration and enzyme velocity kinetics of GH28-2. 
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Discussion 
Three of the five putative polygalacturonases were successfully expressed in P. pastoris. 

The heterologous expression of GH28-2 in P. pastoris appears near optimal, with high 

levels of protein being secreted that accumulates over 96 hr and displays very little non-

secreted protein in the lysate. This indicates efficient secretion by the modified alpha-factor 

signal peptide for this protein. 

In comparison, the expression of GH28-1 and GH28-3 is suboptimal. GH28-1 has 

significantly lower levels of secreted protein than GH28-2. GH28-1 does not appear to be 

accumulating in the cell lysate and therefore secretion is not the limiting factor. There are 

also no obvious signs of protein degradation by immunoblot. There are two protein bands 

with mass close to the protein mass expected for GH28-3. It is not clear if the smaller band 

is a degraded version of the larger. Both these protein bands reduce in intensity over the 

96 hr assay period, with smaller products accumulating as the full-length GH28-3 bands 

diminish. As such, the GH28-3 protein appears to be unstable in the supernatant and may 

be a target of proteolytic activity. The strains for all three enzymes have not been tested for 

overall proteolytic activity and testing the expression system in a protease deficient P. 

pastoris strain would be an appropriate next step to ensure if proteins are being targeted 

for degradation. mRNA production and stability have not been tested and are another 

source of potential issues. However, given lack of activity, improvements to GH28-3 may 

not be worth pursuing.  

Improving protein production of GH28-2 would require increasing the overall amount of 

protein expression, potentially by increasing gene copy number and or introducing stronger 

promoter sequence. However, this would only be effective if secretion remains efficient and 

can keep pace with mRNA translation. 

Polygalacturonase activity is the hydrolysis of alpha-1,4 glycosidic bonds between 

galacturonic acid residues, in either endo or exo configuration, depending on whether the 

depolymerisation occurs either randomly across the length of the molecule or terminally. 

Endo type activity is the preferred mechanism for winemaking applications as it has a more 
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immediate effect on polymer length and solubility and therefore more immediate effect on 

juice extraction and clarification. The closest matching NCBI protein to GH28-2 is a 

predicted exo-polygalacturonase (Table 6.1) which may indicate the enzyme is more likely 

to produce exo-polygalacturonase activity. However, neither endo- nor exo- type activity 

was predicted by InterProScan for GH28-1 nor GH28-2. 

Endo- type of activity can be more difficult to characterise as there are a diverse range of 

product sizes and is complicated by uneven methylation and acetylation of polygalacturonic 

acid from naturally derived sources. However, regardless of endo- or exo- type activity, 

polygalacturonase hydrolysis produces additional reducing sugar residues which are 

typically used to measure activity. The assay used measures the amount of 3-amino,5-nitro 

salicylic acid produced by reduction of 3,5-Dinitrosalicylic acid (DNS) at high temperature 

in comparison to reduction by various levels of galacturonic acid. Consequently, enzyme 

activity (U) is defined as the number of µmols of galacturonic acid equivalents produced per 

minute and is underpinned by the assumption that reduction by a galacturonic acid molecule 

and a single oligo-galacturonan will be near equivalent under assay conditions.  

Both GH28-1 and GH28-2 demonstrated polygalacturonase activity by the DNS assay and 

have potential as winemaking adjuncts. GH28-1 and GH28-2 differ significantly in activity 

per mg or protein, with GH28-2 being more than 10-fold more active under most pH and 

temperature conditions. However, GH28-1 outperforms GH28-2 at very low pH and is better 

suited to low temperatures. Wine grape juice can be expected to be below pH 4 and is often 

further reduced by winemakers through the addition of tartaric acid, to aid in preventing the 

growth of spoilage micro-organisms (Godden et al., 2015). GH28-2 retains 50% of activity 

at pH 3.5, but less than 2% by pH 3.2. This rapid loss of activity may be a barrier to its use 

in grape juices with pH levels below pH 3.5. GH28-1 also begins to show a decline in activity 

at low pH but this decline less significant at pH 3.5. Given, polygalacturonase activity is 

initiated by paired general acid and general base interactions which are supplied amino 

residues, loss of activity due to changes of pH may be due to changes to these residues. 

The steady decline in activity at low pH may be a result of excessive protonation at these 



 

111 
 

sites preventing function as a general acid. However, this is not reflected in GH28-1 and 

GH28-2 predicted isoelectric points (Table 6.1), of which GH28-1 is higher where it would 

be expected to be lower. If active site protonation is the main cause in loss of activity, activity 

is being preserved despite predicted net protein charge. Protein modelling and mutagenesis 

experiments could potentially elucidate this pH response.  

Winemaking temperatures are generally between 20 oC and 30 oC for red wines and ≤15 

oC for white wines, to which GH28-1 is better suited. However, although reduced, GH28-2 

still retains significantly higher activity at these temperatures than GH28-1. Temperature 

does not appear to be a barrier to these enzymes for use in winemaking.  

Numerous other polygalacturonases have been isolated from fungal sources for 

winemaking or other applications (Kant et al., 2013, Sahay et al., 2013, Trindade et al., 

2016, Merin and Morata de Ambrosini, 2015, Cheng et al., 2016). Some of these have the 

potential to outperform GH28-1 and GH28-2 at pH 3.5 or at low temperatures or both (Merin 

and Morata de Ambrosini, 2015, Sahay et al., 2013, Trindade et al., 2016). Significant 

activity below pH 3.5 is far less common (Cheng et al., 2016, Kant et al., 2013). GH28-2 

has similar temperature optima and response to low pH as the thermostable exo-

polygalacturonase identified from Rhizomucor pusillus A13.36 (Trindade et al., 2016). 

Moreover, both enzymes demonstrate allosteric sigmoidal substrate kinetics. The 

underlying mechanism for these sigmoidal kinetics remains unresolved. 

Polygalacturonases are generally monomeric with a single binding site and as such, 

allosteric behaviour GH28-2 would be expected to be unlikely, as this type of enzyme 

behaviour would normally be caused by cooperativity between subunits. It is unknown 

whether this kinetic behaviour will have significant impact on polygalacturonase efficacy in 

winemaking applications. As Trindade and colleagues have not reported a maximum 

velocity (Vmax) or half maximal enzyme velocity substrate concentration (Khalf) it is not 

possible to compare the enzymes via these parameters. 

Polygalacturonases have been reported with a range of substrate affinities (Km), including 

a particularly low Km of 0.083 mg/ml from an Aspergillus niger polygalacturonase (Kant et 
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al., 2013) and a much higher Km of 5 mg/ml from a Neurospora crassa polygalacturonase 

(Polizeli et al., 1991). Although not identical, substrate affinity (Km) and Khalf both represent 

the substrate concentration at which an enzyme reaches its half maximal enzyme velocity 

and are somewhat comparable. With a Khalf of 1.11 mg/ml, GH28-2 is similar to 

polygalacturonases identified from an Indian forest soil metagenome (Km 1.685 and 1.542 

mg/ml; (Sathya et al., 2014), and a polygalacturonase from Penicillium oxalicum CZ1028 

(Km 1.27 mg/ml; (Cheng et al., 2016). 

In Shiraz wine grapes, the total mass of pectin ranges between 0.7% and 0.8% of total 

grape berry weight (Silacci and Morrison, 1990). In other grape cultivars pectin abundance 

ranges between 0.12% and 0.17% berry weight (Kawabata et al., 1974) and soluble pectin 

has been reported at between 0.09% and 0.28% in non-wine grape cultivars (Baker, 1997). 

Not all of the pectin is expected to be extracted into the grape juice, nor is all pectin 

comprised of homogalacturonan (the polygalacturonic acid portion). Although substrate 

levels will vary, it is expected that in most juices, homogalacturonan concentrations will be 

less than the Khalf value of GH28-2 and enzyme velocity will be less than half maximal. 

GH28-1 pH response is most similar to the polygalacturonase isolated from A. niger MTCC 

3323 (Kant et al., 2013) but has vastly different temperature optima and lower activity. 

As glycoside hydrolases GH28-1 and GH28-2 may exhibit activity on other substrates such 

as rhamnogalacturonans, xylogalacturonans, other grape cell wall derived polysaccharides 

or even grape glycosides. Ideally future experiments would test for possible side activities 

which may or may not be desirable in winemaking. 

Although, GH28-1 and GH28-2 are not perfectly adapted to winemaking conditions, if the 

enzymes remain stable in grape juice and wine and are not inhibited by other compounds 

present during fermentation, the enzymes can have a long period to act throughout 

fermentations. P. pastoris expressed GH28-1 and GH28-2 have not been tested for long 

term stability at low pH nor inhibition by various potentially inhibiting wine grape compounds 

but is the basis for experiments in S. cerevisiae in Chapter 7. 
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Conclusions 
Polygalacturonase activity is of oenological interest in order to aid in the breakdown of pectic 

substances in grape juice to aid in juice extraction and clarification, by softening plant cell 

walls and increased pectin solubility. Of the five putative polygalacturonases targeted for 

heterologous protein expression, GH28-1, GH28-2 and GH28-3 were successfully 

expressed. GH28-2 has strong expression in P. pastoris and accumulated over the period 

of induction. GH28-1 expression was significantly less prolific and GH28-3 expression was 

unstable. Both GH28-1 and GH28-2 demonstrated polygalacturonase activity, producing 

reducing sugar residues from polygalacturonic acid by the DNS. However, GH28-3 was not 

active. At optimum conditions (pH 5 and 60 oC), GH28-2 is more than 10-fold more active 

than GH28-1. GH28-1 has optimal activity between pH 4.5 - 5.5 and 20 oC but also retains 

much of its activity at wine pH. The response of GH28-1 to temperature and pH and the 

overall high levels of activity of GH28-2 make these polygalacturonases candidates for 

further experiments to test activity under wine-like conditions. 
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Chapter 7: Heterologous expression of Pectinase from GHF28 in 

Saccharomyces cerevisiae  

Introduction 
Despite many S. cerevisiae strains containing genes that encode polygalacturonases, S. 

cerevisiae typically displays little pectinolytic activity during the winemaking process 

(Eschstruth and Divol, 2011, Blanco et al., 1998). To overcome this lack of enzyme activity, 

crude extracts that display pectinase activity are commonly used, which typically contain a 

mixture of activities that can include polygalacturonase, pectin lyase and pectin 

methylesterase activities, in addition to other off-target activities. Some studies have 

demonstrated that these combined activities can alter the phenolics, flavour and colour of 

wine (Belda et al., 2016a, Sacchi et al., 2005). However, pectinase treatments are also 

commonly used during clarification (Nordestgaard, 2019). 

Although improvements have been made, commercial enzyme preparations are not 

specifically adapted to winemaking conditions and can contain undesirable off-target 

activities (Kashyap et al., 2001, Claus and Mojsov, 2018). Wine is a complex and 

challenging environment in regard to enzyme activity, with low pH, high sugar 

concentrations, increasing concentrations of ethanol and numerous other potentially 

inhibitory substances, such the preservative sulphite. Reduced enzyme activity under these 

conditions is difficult to prevent or control. Classically, enzyme preparations are derived 

from fungal species which produce the desired secretory enzymes and have been selected 

to produce large titres of enzyme under industrial conditions, generally by solid state 

fermentation. Off-target activities typically arise from numerous other secretory enzymes 

that are also produced during the fermentation and which co-purify during the production of 

the crude extract. 

Two polygalacturonases (GH28-1 and GH28-2) that were identified from the 2016 

Chardonnay must metagenome (Chapter 3) were demonstrated to have at least partial 

retention of activity at wine pH and winemaking temperatures when expressed as secreted 
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proteins by the P. pastoris heterologous expression system (Chapters 6). On this basis, 

GH28-1 and GH28-2 were determined to have potential for application during wine 

fermentation. In order to test the two polygalacturonases under wine-like conditions, GH28-

1 and GH28-2 were expressed in S. cerevisiae, to facilitate fermentation experiments and 

to facilitate enzyme introduction to the winemaking process without requiring enzyme 

additions.  

Results 

Heterologous production of GH28-1 and GH28-2 in Saccharomyces cerevisiae  

Heterologous expression of GH28-1 and GH28-2 in S. cerevisiae was constructed to 

facilitate de novo production during wine fermentation. As P. pastoris and S. cerevisiae 

share highly similar codon usage (Sinclair and Choy, 2002), the P. pastoris codon optimised 

GH28-1 and GH28-2 coding sequences were used in preparing the S. cerevisiae 

expression plasmids. GH28-1 and GH28-2 coding sequences were cloned into the 

expression vector, pCVSα, by Gibson assembly (Gibson et al., 2009). Correct construction 

of pCVS-GH28-1 and pCVS-GH28-2 were confirmed by restriction digest (Figure 7.1 A). 

pCVSα contains two HO homologous sites to facilitate genomic integration.  pCVS-GH28-

1 and pCVS-GH28-2, contained GH28-1 and GH28-2 as a fusion with a modified alpha 

factor secretion signal to facilitate protein secretion. As pCV3-natR does not contain the 

alpha factor, the GH28-1 and GH28-2 expression cassettes were excised from pCVS-

GH28-1 and pCVS-GH28-2 by restriction digest and cloned into pCV3-natR for episomal 

protein expression. Construction of pCV3S-GH28-1 and pCV3S-GH28-2 was confirmed by 

restriction digest (Figure 7.1 B).  

Both the genome-integrating and 2 μm episome based expression plasmids (pCVS-GH28-

1, pCVS-GH28-2, pCV3S-GH28-1 and pCV3S-GH28-2) were transformed into 

AWRI1631, a haploid derivative of an S. cerevisiae wine strain (Borneman et al., 2008). 

Genomic integration into the HO locus by pCVS-GH28-1 and pCVS-GH28-2 could not 

be confirmed by PCR. However, transformants containing pCV3S-GH28-1 (AWRI4241) and 

pCV3S-GH28-2 (AWRI4240) were confirmed (Figure 7.2).  
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The recombinant strains, AWRI4241 and AWRI4240, were used to ferment synthetic 

complete media with additional glucose (100 g/L). Low levels of GH28-2 and very low levels 

of GH28-1 were detected by Anti-His tag immunoblot of 25-fold concentrated supernatant 

of the new S. cerevisiae strains. (Figure 7.3).  

 

 

Figure 7.1: Confirmation of cloning of A) pCVSα-GH28-1 and pCVSα-GH28-2 and B) 

pCV3S-GH28-1 and pCV3S-GH28-2 plasmid DNA by EcoRI digest and visualised on 1% 

(w/v) agarose gel. Expected band sizes: pCVSα - 803bp + 4652bp, pCVSα-GH28-1 - 

4652bp + 2057bp, pCVSα-GH28-2 - 4652bp + 1302bp + 758bp pCV3 – 5860bp, pCV3-

GH28-1 – 2785bp + 4551bp, pCV3-GH28-2 – 2789bp + 4551bp. 
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Figure 7.2: PCR amplification of GH28-1 and GH28-2 266 and 275bp amplicons in S. 

cerevisiae AWRI1631 transformed with pCV3S-GH28-1 and pCV3S-GH28-2 and 

visualised on 1% (w/v) agarose. 

 

Figure 7.3: Anti-His tag immunoblotted nitrocellulose membrane visualising heterologous 

protein production of putative polygalacturonases GH28-1 and GH28-2 by recombinant S. 

cerevisiae strains, AWRI4241 and AWRI4241 in 25-fold concentrated supernatant.  
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Fermentation with recombinant GH28-1 and GH28-2 strains  
The parental strain (AWRI1631), and the recombinant strains AWRI 4241 (GH28-1) and 

GH28-2 (AWRI4240), were used to ferment synthetic grape must that had been 

supplemented with polygalacturonic acid (2 g/L). AWRI1631 completed fermentation after 

4 days post inoculation (Figure 7.4). However, the recombinant strains AWRI4241 and 

AWRI4240 displayed reduced fermentation rates. All three AWRI4241 replicates completed 

fermentation after 7 days and only one AWRI4240 replicate appeared to complete 

fermentation after 8 days. The remaining two AWRI4240 replicates reaching at 23 g/L and 

40 g/L residual sugar and reduced fermentation rate at 8 days.  

The production of galacturonic acid occurs from exo-polygalacturonase type cleavage of 

the monomeric sugar but can be achieved by both endo- and exo-polygalacturonases. 

Galacturonic acid levels were monitored via an enzymatic assay (Figure 7.5). There 

appeared to be a residual amount of galacturonic acid in the solution prior to the addition of 

yeast. This may have been produced from dissolving the polygalacturonic acid into the 

synthetic grape must. All three strains produced galacturonic acid in the first 12 hr of 

fermentation. AWRI4240 produced the highest concentration of galacturonic acid of 0.58 

g/L, with AWRI4241 producing a maximum of 0.45 g/L galacturonic acid. In comparison, the 

AWRI1631 ferments reached a maximum of 0.37 g/L across replicates. On average, the 

recombinant strains AWRI4241 and AWRI4240 both showed higher concentrations of 

galacturonic acid than the parental strain. As fermentation progressed galacturonic acid 

levels reduced to undetectable levels within 4 days for all three strains. 
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Figure 7.4: Sugar utilisation by AWRI1631 and recombinant polygalacturonase strains, 

AWRI4241 and AWRI4240 during fermentation of synthetic grape must at 22 oC. 
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Figure 7.5: Galacturonic acid concentrations in synthetic grape must ferments by 

AWRI1631, AWRI4241 and AWRI4240 during ferementaiton of synthetic grape must at 22 

oC. 
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Endo-polygalacturonase activity cannot be detected by measuring galacturonic acid 

concentrations. To measure de-polymerisation of polygalacturonic acid over the course of 

fermentation, a ruthenium red precipitation assay was used (Figure 7.6), although this 

method does not detect small galacturonic oligomers or complete pectin degradation. Both 

AWRI4241 and AWRI4240 had no unhydrolyzed polygalacturonic acid detected after 5 

days. In comparison the control strain, AWRI1631, had no detectable unhydrolyzed 

polygalacturonic acid after 6 days. Oneway ANOVA was used to assess differences in 

mean unhydrolyzed polygalacturonic acid concentrations between the strains, AWRI1631, 

AWRI4241 and AWRI4240, during fermentation (Table 6.1). The differences between mean 

unhydrolyzed polygalacturonic acid concentrations for the three strains on days 2 and 5 of 

fermentation were sufficient (p<0.05) to conclude that these measurements were not from 

the sample population. As such Dunnett’s tests were performed on the data for days 2 and 

5 in order to compare the AWRI4241 and AWRI4240 to the control strain, AWRI1631 (Table 

6.2).  On both days 2 and 5 of fermentation significant difference (p<0.05) was observed in 

the mean concentrations of unhydrolyzed polygalacturonic acid between the control 

(AWRI1631) and AWRI4241 (produces GH28-1), and the control and AWRI4240 (produces 

GH28-2).  
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Figure 7.6: Concentration of unhydrolyzed polygalacturonic acid during fermentation of 

synthetic grape must by AWRI1631, AWRI4241 and AWRI4240 at 22 oC.  
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Table 7.1: Results of Oneway ANOVA performed on measurements of unhydrolyzed 

polygalacturonic acid concentrations on days 1, 2, 3 and 5 of synthetic grape must 

fermentations by AWRI1631, AWRI4241 and AWRI4240.   

Day F P value P value summary R squared 

1 1.713 0.258 ns 0.3634 

2 18.13 0.0051 ** 0.8788 

3 4.727 0.0704 ns 0.6541 

5 629.6 <0.0001 **** 0.9953 

 

 

Table 7.2: Comparison results by Dunnett’s test on unhydrolyzed polygalacturonic acid 

measurements on Days 2 and 5 during synthetic grape must fermentations by control 

strain AWRI1631 and test strains AWRI4241 and AWRI4240,  

Comparison Day Mean 

difference 

CI 95% Summary Adjusted  P 

value 

AWRI1631-

AWRI4241 

2 0.8707 0.2704 to 1.471 * 0.0123 

5 0.3046 0.2762 to 0.3329 **** <0.0001 

AWRI1631-

AWRI4240 

2 0.9946 0.4576 to 1.532 ** 0.0044 

5 0.3046 0.2762 to 0.3330 **** <0.0001 

  



 

124 
 

Discussion 
The production of recombinant GH28-1 and GH28-2 S. cerevisiae appears to be less prolific 

in S. cerevisiae than in P. pastoris (Chapter 7) with S. cerevisiae supernatants requiring 

concentration to detect protein. In addition to producing lower levels of protein, the 2μm 

episome based system is also expected to be less stable than the genome integrated 

expression produced in P. pastoris and is dependent on antibiotic selection pressure for 

plasmid maintenance. Despite this, the production of the two recombinant 

polygalacturonases shows some effect on polygalacturonic acid under wine-like conditions.  

Red wines are typically fermented at between 20 °C and 30 oC and whilst white wines are 

typically fermented at lower temperatures. The fermentations that were carried out with 

AWRI1631, AWRI4241 and AWRI4241 were performed at 22 oC which better simulates red 

wine like fermentation conditions in terms of temperature. As a consequence of this 

temperature ferments progressed quickly. However, fermentation rate is reduced in the 

recombinant strains. This reduction in fermentation rate is probably be caused by the 

additional metabolic burden caused by the production of the recombinant protein which is 

being produced constitutively throughout fermentation. However, the antibiotic pressure 

used to ensure plasmid retention of AWRI4241 and AWRI4241 may also be having a 

delaying effect on fermentation. This would likely be reduced in a genomic based system 

which does not require this pressure.  

All three strains demonstrated some activity on polygalacturonic acid under wine-like 

conditions (i.e. temperature, pH, high glucose and fructose concentrations and tolerance to 

other common chemical found in wine such as malic acid). Some strains of S. cerevisiae 

have a native polygalacturonase, PGU1, which is repressed by glucose (Fernandez-

Gonzalez et al., 2004, Radoi et al., 2005). From sequencing data available for AWRI1631, 

the strain does not appear to contain PGU1 nor any other polygalacturonases nor pectin 

lyases, which can also depolymerise polygalacturonic acid. AWRI1631 does have glycoside 

hydrolases predicted but these are not expected to be active on polygalacturonic acid. 

However, in order to preserve the polygalacturonic acid from hydrolysis during autoclave 
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processes, the polygalacturonic acid additions were not sterilised and added to filtered and 

concentrated synthetic grape must directly before fermentation. As such contaminant 

microbes were introduced in low abundance to the ferments. The affects by these species 

was expected to be limited by the inoculated S. cerevisiae, similar to inoculated grape 

fermentations, and to be equivalent across the different strains. These microorganisms are 

likely a contributing factor to polygalacturonase activity. Similarly, chemical hydrolysis of 

polygalacturonic acid could be a contributing a factor to galacturonic acid and 

polygalacturonic acid concentrations but were not tested. 

Both AWRI4241 and AWRI4240 appear to have some enhancement in exo- and, 

potentially, endo- polygalacturonase activity compared to the parental strain which can be 

attributed to the activity of the recombinant polygalacturonases (GH28-1 and GH28-2). The 

concentrations of galacturonic acid in the media appeared to increase more significantly in 

the fermentations by AWRI4241 and AWRI4240 than the control strain, AWRI1631, over 

the first few days of fermentation (Figure 7.5). This suggests that the recombinant 

polygalacturonases GH28-1 and GH28-2 have exo-polygalacturonase activity. 

However, although galacturonic acid levels increased during fermentation by all three S. 

cerevisiae strains, increases are modest and galacturonic acid concentrations reduce 

significantly after the initial increase. AWRI1631 ferments reached approximately 0 g/L of 

galacturonic acid after 1 day, ferments AWRI4240 after 2 days and AWRI4241 with 3 days 

(Figure 7.5). S. cerevisiae strains have not been demonstrated to metabolise galacturonic 

acid nor have any strains been identified with the genes required for galacturonic acid 

degradation. As the parent strain AWRI1631 also does not contain these genes,  the three 

strains AWRI1631, AWRI4241 and AWRI4240 are unlikely to be removing galacturonic acid 

from the media by galacturonic acid degradation directly. However, it is possible that 

promiscuous enzyme activity could be contributing to the degradation of galacturonic acid. 

A previous study (Souffriau et al., 2012) has noted that various S. cerevisiae strains 

sequestered galacturonic acid from media, particularly at low pH, but not in concentrations 

higher than in the extracellular environment. It is likely some contaminant species are 
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capable of metabolising galacturonic acid and contributing to the reduction of galacturonic 

acid concentrations. Additionally, ethanol and other fermentation bioproducts may be 

having an inhibitory effect on the activity of the uronate dehydrogenase or preventing 

galacturonic acid availability to the enzyme. However, at least in terms of enzyme inhibition, 

this was expected to be minimal in the assay due to sample dilution (1/25) in enzyme buffer 

and tolerance to the compounds in the synthetic grape must in which the standard curve 

was produced. An alternate method, e.g. HPLC, would allow confirmation of the decrease 

in galacturonic acid concentration in these ferments.  

In the ruthenium red method, endo type degradation of polygalacturonic acid (i.e. cleavage 

within the length of the polygalacturonic acid chain) is measured by the loss of co-

precipitation of long chain polygalacturonic acid and ruthenium red (Torres et al., 2011). As 

polygalacturonic acid is depolymerised, shorter polygalacturonic acid oligomers are 

produced, and these oligomers have reduced capacity to precipitate with ruthenium red. As 

ruthenium red has strong absorbance at 535 nm and more ruthenium red remains in solution 

as the polygalacturonic acid chains become shorter, the absorbance of the solution 

increases. The linear range for this assay is between 0.1 and 2 g/L of unhydrolyzed 

polygalacturonic acid equivalents. However, shorter polygalacturonase oligomers may 

remain in solution as the point at which the shorter polygalacturonic acid oligomers 

completely lose the ability to precipitate ruthenium red is unknown i.e. polymer of five 

galacturonic acids might be unable to effectively precipitate ruthenium red. Therefore, the 

data from these assays cannot confirm if the polygalacturonic acid was completely 

degraded, especially given the absence of galacturonic acid detected in the media towards 

the end of fermentation. Visually, AWRI4241 and AWRI4240 appear to have enhanced 

endo-type polygalacturonase compared to AWRI1631 (Figure 7.6). However, statistical 

analysis only supports differences in the mean unhydrolyzed polygalacturonic acid 

concentrations between the control and the two strains on days 2 and 5 of fermentation. 

These results support that both GH28-1 and GH28-2 may have some endo-type 

polygalacturonase activity under fermentative conditions, but additional experiments are 
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required to confirm if putative activity is enhancing the rate of polygalacturonic acid 

degradation to a significant degree.  

Despite being produced at very low levels, GH28-1 competes well with GH28-2 in activity. 

Although AWRI4240 (GH28-2 recombinant strain) produces higher maximum galacturonic 

acid concentrations, the two have similar rates of reduction of unhydrolyzed 

polygalacturonic acid. Previously (Chapter 7), GH28-1 was demonstrated be less active per 

mg of enzyme than GH28-2 but retained more relative activity at pH 3.5. Similarly, GH28-1 

also had higher relative activity at low temperatures than GH28-2, which is most active at 

60 oC. As the media had a pH 3.5 and fermentation was carried out at 22 oC, it is expected 

that GH28-1 is better suited to the conditions which is why it exhibits similar levels of activity 

to GH28-2. Improving GH28-2 response to these conditions and improving the overall 

activity and expression of GH28-1 will be necessary to enhance the in situ 

polygalacturonase activity. In a recent study, heterologous expression of protein on the 

surface membrane of S. cerevisiae has been demonstrated to improve enzyme activity 

under winemaking conditions (Zhang et al., 2019). This is a potential avenue to improve 

GH28-2 activity. 

Although GH28-1 and GH28-2 demonstrate activity in a wine-like environment when 

expressed by S. cerevisiae in these experiments, they still need to be tested in wine grape 

fermentations. Purified polygalacturonic acid is less complex than grape pectin (Gao et al., 

2016, Vidal et al., 2001) and grape pectin is recalcitrant to enzymatic activity. Pectin may 

not be completely dissolved in wine during clarification and less accessible to enzymes. 

Similarly, pectin will be less available to enzymes during juice extractions and as skins 

during fermentation. As such AWRI4241 and AWRI4240 may be less effective in grape 

fermentations and would need to be trialled for efficacy.   
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Conclusions 
The introduction of recombinant GH28-1 and GH28-2 expression into the S. cerevisiae wine 

strain AWRI1631 improved degradation of polygalacturonic acid in wine-like media, 

synthetic grape must, during fermentation, with both recombinant strains generating 

increased production of galacturonic acid and a putative increase in the rate of 

polygalacturonic acid depolymerisation compared to the parental strain. Both GH28-1 and 

GH28-2 have demonstrated activity under wine-like conditions including as low pH, low 

temperature, high concentrations of glucose and fructose and tolerance to other common 

chemicals found in wine. However, the recombinant protein expression in S. cerevisiae was 

less efficient than had been established in P. pastoris (Chapter 7) and the strains show 

somewhat diminished fermentation rates compared to the parental strain. Improving 

heterologous protein expression and establishing a more stable expression system may 

allow increased polygalacturonase activity and expression stability but may not improve 

fermentative character. Further testing of these strains on grapes is required to assess 

suitability in a winemaking context. 
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Chapter 8: Final discussion and future directions 

Enzymes are used in numerous industries worldwide to induce specific chemical reactions 

without the use of harsher processes and have been used as an aid in winemaking for 

decades (Aryan et al., 1987, van Rensburg and Pretorius, 2000). However, many enzyme 

preparations are non-specific, contain off-target activities, and are poorly adapted to 

winemaking conditions. The field of metagenomics has made it possible to access 

previously inaccessible microbiota and in combination with techniques in synthetic biology 

has greatly expanded the pool of enzymes available for investigations. Studies of wine 

microbiota have highlighted their importance in winemaking and on winemaking outcomes 

(Verginer et al., 2010, Maturano et al., 2012). Consequently, these organisms have great 

potential to contain wine active enzymes which are better adapted to the industry as the 

microbiota are better adapted to grape environments. If these enzymes could be applied to 

winemaking successfully, they have the potential to alter the production and even properties 

of wine and provide new tools to winemakers.   

The intention of this project was to investigate the enzymatic potential of wine-related 

microbiota as a source of enzymes adapted to the wine environment. For this purpose, the 

properties of two grape related environments were investigated: a Chardonnay grape must 

and a mixed varietal grape marc that had begun the composting process. DNA was isolated 

from the two samples and subjected to bioinformatic analysis focusing on the discovery of 

novel enzymes. Glycoside hydrolases have several applications in winemaking, specifically 

the breakdown of plant cell wall polysaccharides (Louw et al., 2006) and the release of 

organoleptically active compounds from glycosyl linkage (Zhu et al., 2014). These enzymes 

also have a well understood catalytic function (Davies and Henrissat, 1995, Henrissat et al., 

1995) on which to base functional predictions and were targeted for discovery and 

expression. Using molecular methods candidate -glucosidases and polygalacturonases 

were expressed and tested for their putatively assigned functions. 

This final chapter focuses on the overall outcomes of the project, the methods used, 

particularly the bioinformatic approaches taken, and possible future directions of this work. 
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Methods of metagenomics and gene prediction 
A metagenomic approach was taken to maximise the number of organisms surveyed for 

potential enzymes of interest. This involved the isolation and shotgun sequencing of 

environmental DNA, metagenomic assembly, gene prediction, identification of enzymes of 

interest and then production and testing of these enzymes in laboratory experiments.  

Although, these methods allowed access to non-culturable micro-organisms, there are 

limitations at every step of the process that introduced biases. For instance, the method of 

DNA extraction can itself be selective for different species. Sequencing quality, depth and 

types of sequencing data dictate the success of any genomic assembly and this is similar 

for metagenomic assemblies. For the CGM metagenome only, short-read data was used, 

whereas a mixture of long-read and short-read data was used in the final MVGM assembly. 

As a result of the higher sequencing depth and the scaffolding by long-reads, the combined 

MVGM metagenome is of a higher quality than the CGM counterpart. Although both 

metagenomes are fragmented compared to genome from a single isolate, fragmentation 

remains a characteristic for metagenomic assemblies despite significant improvements due 

to the availability of long-read data (Frank et al., 2016). In future metagenomic assemblies, 

it would be beneficial to be able to use this combination of short-read and long-read data.  

Improved sequence depth and sequence length would reduce the difficulties of de novo 

assembly, which was necessary for metagenomic assembly as the genomes present in the 

data are largely unknown. Long read data also ensures a minimum length in lowly abundant 

species which are poorly captured even at higher sequencing depths. However, as error 

rates in long-read data remain high, short-read technologies are still required to improve 

accuracy in assemblies. As long-read technologies improve this may eventually no longer 

be an issue. 

The taxonomic assignments of reads were made by the taxonomic classifier Centrifuge 

(Kim et al., 2016) using the NCBI protein database.  These assignments assess the 

metagenomic community and relative microbial abundances which can impact on 

metagenomic assembly and assembly strategies. As a reference-based form of read 
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binning these classifications are highly dependent on both the reference database and the 

ability of the classifying software to accurately classify ambiguous reads to an appropriate 

level. This is particularly poignant for fungi and other eukaryotes which are often not 

considered in the design of taxonomic classification pipelines. Since this work, new entries 

have been made to the NCBI database (and are continuously) which could alter read 

classifications and new upgrades and pipelines have been produced. In particular, Kraken2 

has been released (Wood et al., 2019) from the same group as the centrifuge pipeline and 

is of interest for future taxonomic classification work. No current pipelines have been 

developed for use with the NCBI whole genome shotgun database which could facilitate 

comparisons to other metagenomic data but is challenging due to database size. MASH 

(Ondov et al., 2016) is a potential avenue for metagenome comparisons by facilitating 

efficient compression of metagenomic data. Although, perhaps still not the entire NCBI 

whole genome shotgun database. 

A non-reference-based binning method was used to identify and isolate whole genomes 

from the CGM and MVGM metagenomes with variable success. However, reference 

independent methods are typically modelled on bacterial genomes and were poorly efficient 

on the CGM data. Although this is partially due to the lesser quality of the CGM 

metagenome, poor separation is also a function of the high eukaryotic content. Recent 

developments in eukaryotic targeted binning methods (West et al., 2018) may be more 

effective at binning of this kind of metagenomic data.  

Gene structure and patterns are variable between different organisms and gene models 

can be highly complex.  Metagenomes by their nature contain a mixture of organisms and 

therefore of gene patterns. The software AUGUSTUS (Stanke et al., 2006) was used to 

predict coding genes from both metagenomes and is specialised for eukaryotic gene 

prediction, using ab initio methods combined with Hidden Markov models trained to various 

eukaryotic species. However, this software was developed for single genomes and does 

not differentiate between different species during classification which introduces errors into 

gene predictions. Other software have been designed for gene prediction from 
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metagenomes (Noguchi et al., 2008) to avoid these issues but are tailored to bacterial 

samples. An alternative approach would have been to separate the metagenomic contigs 

by binning and use gene models more specific to the species but is then more dependent 

on successful binning of data. 

Additional efforts to reduce possible errors in gene prediction were performed on potential 

genes of interest identified by functional characterisation not on the entire dataset. 

Consequently, there are probable errors in the gene prediction datasets as a whole, but 

these should be reduced in the genes of interest.  The functional characterisation of gene 

predictions was performed by InterProScan and BLAST to the NCBI protein database. 

InterPro contains various protein structural databases which are effective at predicting 

protein structure, but other databases and protein function predictors are available which 

could be used to similar effect. The genes of interest were flagged for possible truncations 

or extensions by comparison to other genes of their predicted type and tested with gene 

models to observe if their homology to NCBI proteins or InterPro domains improved.  

The most significant limitation on the ability to predict function of putative enzyme from 

enzyme coding genes is the need for prior protein structure information of the target 

enzymes of interest, although in many cases this need only be at the amino acid level. This 

means that entirely new protein structures are generally not identified. Glycoside hydrolases 

were targeted as they are industrially relevant, but also a highly researched group of 

enzymes, which provides a solid foundation for functional prediction. A total of 11,146 

putative glycoside hydrolases, of which 4,719 had <80% identity to genes from the NCBI nr 

protein database, were predicted. The 80% identity threshold was used in an effort to 

balance enzyme novelty (by removing known proteins) against potential gene prediction 

and classification errors, as manually curating 11,146 candidate enzymes individually was 

not feasible. However, 80% identity is still high and given the number of genes remaining in 

the enzyme’s groups of interest, the maximum percent identity could have been lowered to 

remove more candidates.  
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Heterologous protein expression of enzymes of interest 
Although, the chosen method of enzyme discovery has limitations, the approach was 

effective, with more putative enzymes identified than could be evaluated in this study. Gene 

synthesis is required in order to produce and test enzymes of interest identified from gene 

sequencing. Gene synthesis has advantages, such as tailoring to host organisms and better 

control of expression systems. However, this synthesis was also a bottleneck for the 

number of genes which could be tested. Gene synthesis and construction of expression 

systems was time consuming, is more costly than other methods and still required 

optimisation and troubleshooting. For instance, cDNA cloning directly from the samples 

could have been used to generate large numbers of candidates, increase throughput and 

avoid whole genome sequencing. However, this approach was also dependent on induction 

of desired activities and compatibility between the expression organism and the cDNA. 

Advancements in gene synthesis technology are reducing costs per gene so this is less of 

a concern, but time constraints still apply. 

Compatibility between the candidate enzymes and the two expression hosts was an issue. 

The yeasts, P. pastoris and S. cerevisiae, were chosen as expression hosts for their enzyme 

secretory pathways, P. pastoris’ demonstrated ability to produce large quantities of secreted 

protein and S. cerevisiae’s fermentative properties for wine-like experiments. Moreover, 

there is cross compatibility between the two yeasts which simplified construct of expression 

plasmids. Three glycoside hydrolase family 3 (GHF3) β-glucosidases, four glycoside 

hydrolase family 1 (GHF1) β-glucosidases and 5 polygalacturonases were selected for 

expression. However, none of the GHF3 β-glucosidases were successfully expressed in P. 

pastoris or in S. cerevisiae. Three of four GHF1 β-glucosidases and three of five 

polygalacturonases were successfully expressed in P. pastoris. In general, failed 

expression in P. pastoris appeared to be occurring at the transcriptional and translation 

levels whereas S. cerevisiae expression plasmids integrated poorly at the HO locus. S. 

cerevisiae expression was established for the polygalacturonases GH28-1 and GH28-2 but 

was less efficient than in P. pastoris and was based on a 2 μm episome. Future experiments 

on these candidates would attempt to optimise protein expression of low expressing strains, 
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produce a stable genome integrated S. cerevisiae expression system for GH28-1 and 

GH28-2 and potentially the GHF1 β-glucosidases, and troubleshooting of P. pastoris 

expression of the non-expressing strains. A simple experiment to facilitate protein 

production in P. pastoris would be to transform the existing P. pastoris expression plasmids 

into a protease deficient strain. If the protease deficient strains failed, alternate codon 

sequences and short protein fragments may aid production of the non-producing 

candidates. S. cerevisiae optimisations would involve testing alternate integration sites and 

alternate secretion signals. Protein expression in alternate hosts such as E. coli could also 

be tested. 

-glucosidases 
Predictions of enzyme functions were successful for the -glucosidases: GH1-1, GH1-3 and 

GH1-4. When expressed by P. pastoris, all three candidates showed at least some level of 

activity on p-nitrophenyl-glucopyranoside. However, these three enzymes are poorly active 

under acidic conditions, which in combination with low overall activity precludes their use in 

winemaking and other potential applications. As discussed in Chapter 5, future work on 

these enzymes for winemaking applications would need to address the pH issue, overall 

activity and test activity on other substrates before wine and wine-like trials could be 

performed. Given -glucosidases could easily be linked to the availability of carbon sources 

such as glucose, mutagenesis and adaptive evolution experiments could be an avenue to 

improve -glucosidase activity.   

Polygalacturonases 
Polygalacturonase activity is of oenological interest in order to aid in the breakdown of pectic 

substances in grape juice to aid in juice extraction and clarification, by softening plant cell 

walls and increasing pectin solubility. The metagenome derived polygalacturonases GH28-

1 and GH28-2 show low (GH28-1) to moderate (GH28-2) activity on polygalacturonic acid 

and were functional on polygalacturonic acid in synthetic grape must.  As discussed in 

chapter 7, further testing in grape juice is required in order to validate these enzymes and 

recombinant S. cerevisiae for use in winemaking, and different expression strategies, such 

as cell surface protein expression, may be useful to improve protein expression and enzyme 
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properties. The addition of P. pastoris recombinant GH28-1 and GH28-2 to grape juice 

fermentations, similar to current usage of enzyme preparations, could also be trialled.  

Three different assays were used to detect polygalacturonase activity; the uronate 

dehydrogenase (UDH) assay, which was used to detect the production of galacturonic acid; 

the di-nitrosalicylic acid  (DNS) assay, which was used to detect activity by the production 

of reducing sugars; and the ruthenium red (RR) assay which detected reduction in the ability 

to precipitate ruthenium red by reduction of polygalacturonic acid polymer length. Although, 

these methods were sufficient for most of the experimental work, a HPLC or similar method 

would have improved fermentation analysis and should be the preferred avenue for future 

work in grape juice.  

Future Directions 
There are multiple natural offshoots to this project. With over 1.5 million protein encoding 

genes predicted from the two metagenomes produced in this work,  there are numerous 

potential enzymes which can still be investigated and the sequencing data itself can be 

further mined. Numerous polygalacturonases or β-glucosidases with the potential to alter 

cell wall structure and modulate wine flavour were identified but not investigated. Given the 

two polygalacturonases of fungal origin (GH28-1 and GH28-2) had function under wine-like 

conditions further characterisations of these polygalacturonases and the bacterial β-

glucosidases could be explored. In particular, the activity displayed by the two 

polygalacturonases, GH28-1 and GH28-2, needs to be confirmed by testing on grape pectin 

and on grape must and for any potential use as a commercial product, the purification and 

stability of GH28-1 and GH28-2 needs to be tested as well as the ability to scale up enzyme 

production. This may require testing of alternate expression systems and expression 

constructs to optimise enzyme production. The β-glucosidases which showed activity to the 

colorimetric substrate could be tested for specific activities on wine flavour precursors with 

the potential to select for specific flavours in wine. 

Alternate enzyme activities could also be valuable. In a recent study of grape cell wall 

degrading enzymes (Gao et al., 2016) pectin lyases  and rhamnogalacturonan lyases were 
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highlighted as a potentially more important component of cell wall degradation than 

polygalacturonases. In this work, five putative pectin lyases from polysaccharide lyase 

family 1 and 18 putative rhamnogalacturonan lyases from polysaccharide lyase family 4 

were identified from the two metagenomes and could be suitable future candidates for 

protein expression and characterisations. Similarly, lytic polysaccharide mono-oxygenases 

(LPMOs) show promising activity on recalcitrant polysaccharides (Hemsworth et al., 2013) 

and 36 putative LPMOs were identified. Mono-oxygenases typically function with a redox 

partner, provided either by a second enzyme, such as a cellulose dehydrogenase, or 

chemical electron donor (Loose et al., 2016).  As the chemical compounds which can be 

legally added to wine fermentations are limited, a dual protein expression system to express 

candidate LPMOs and an enzyme electron donor would be ideal. Multiple partner proteins 

may need to be tested. Numerous proteases were also identified and may also be targeted 

for applications to preventing and remediating wine haze (Van Sluyter et al., 2015). If viable 

enzymes from the different groups are produced, synergistic experiments could allow the 

production of enhanced enzyme preparations that effectively combine the different 

enzymes, particularly those involved in cell wall degradation, and be targeted to different 

cell wall structures.  

Genes for the biosynthesis of various metabolites are often grouped into clusters in both 

bacteria and eukaryotes (van der Lee and Medema, 2016, Chen et al., 2019). Recently, 

metagenomic sequencing data has been used to identify biosynthetic gene clusters (BGCs) 

and the related potential for metabolite production (Donia et al., 2014, Aleti et al., 2019) but 

these techniques have not yet been applied wine microorganisms. During wine grape juice 

fermentation, the production of secondary metabolites is significant as it affects the 

organoleptic properties of wine and can introduce distinct flavours outside of the compounds 

found in the grapes (Verginer et al., 2010, Cordente et al., 2012). Given the importance of 

secondary metabolites in wine, the investigation of wine biosynthetic clusters is highly 

relevant to industry and the identification of biosynthetic gene clusters (BGCs) are a 

potential avenue for future research using the CGM and MVGM metagenomes. 
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Appendix A 
Construction of pD912 and pD912-HIS 
The modified version of pD912-AKS (ATUM), “pD912”, with homologous regions to pCVSα 

for simplified cloning and the His tagged variant, “pD912-His”, were constructed by Gibson 

assembly of synthesised DNA fragments (Integrated DNA Technology) “pD912-insert” and 

“pD-His” (Table A.1) into the linear pD912-AKS (provided as linear fragment by ATUM). 

Gibson reaction mixture was transformed into 10-Beta E. coli (NEB) using the standard heat 

shock protocol and selected on LB (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 

sodium chloride) with 100 μg/ml zeocin. Successful plasmid construction confirmed by 

restriction digest of plasmid DNA extracted from zeocin resistant colonies.  

Table A.1: DNA sequence of synthesised DNA of GNA inserts to produce pD912-AKS 
variants. 
Name Sequence 

pD912-

insert 

5’- GGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCCATGGGTCGAGAC 

CGGAGAACCTCTAGCTGCTGACCGTTATTCTACTGGGCTAGCGGTTAA 

GGGGCGGCCGCTCAAGAGGATGTCAGAATGCC-3’ 

pD-His 5’-CAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAG 

GCTGAAGCCCACCATCATCATCATCATGCCATGGCGTCTTCCTGCACA 

TTCTATCTGCTAGCGGTTAAGGGGCGGCCGC-3’ 

 

 

Figure A.1: Restriction digests of plasmid DNA to confirm pD912 and D912-His construction 

and visualised on 1% (w/v) agarose gel. Expected band sizes: pD912 with NheI and pD912-

His with NcoI 2852bp + 933bp  
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