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Abstract  

The human gut is populated with a vast community of microbes, the microbiota. 

The Bacteroidetes play a prominent role in the breakdown of complex 

carbohydrates. Fungi are also normal members of the gut microbiota. Fungal cell 

wall proteins are extensively mannosylated, forming a highly branched matrix of 

mannan. Previous data from our lab show that the common gut bacterium, 

Bacteroides thetaiotaomicron (Bt) degrades cell wall mannan from S. cerevisiae 

via a selfish mechanism. Bt does this by releasing large oligosaccharides at the 

cell surface, which are transported into the periplasmic space to be further 

depolymerised. 

Firstly, the degradation of mannan from a common human pathogen, Candida 

albicans was investigated. Here, novel enzymes from the Glycoside Hydrolase 

130 family, which target β-1,2-mannosidic linkages found in C. albicans mannan, 

have been biochemically characterised. Bt was genetically manipulated to 

examine its ability to utilise mannan from C. albicans. This work demonstrated that 

degradation of C. albicans mannan in Bt requires an additional regulatory 

mechanism. 

Secondly, I discovered that another gut Bacteroides, B. salyersiae (Bs), degrades 

yeast α-mannan in a mechanism contrasting to the ‘selfish’ strategy. Unlike Bt, Bs 

releases a range of smaller manno-oligosaccharides into the extracellular milieu, 

which are utilised as ‘public goods’ by other members of the gut microbiota. 

Biochemical characterisation of this alternative mechanism revealed that proteins 

orchestrating mannan breakdown contain signals, targeting them for the 

Bacteroidetes specific type 9 secretion system (T9SS). Our analysis revealed that 

Bs directs at least 109 proteins of diverse functions to the T9SS, implicating its 

role in a plethora of metabolic processes. This is the first description of T9SS in a 

human gut Bacteroides. This work demonstrates that members of the microbiota 

have developed multiple strategies for utilisation of the same carbon to survive in 

a highly populated human gut.    
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Chapter 1: Introduction  

1. 1 The Human gut microbiota. 

1. 1. 1 Bacterial component of the microbiota  

The human gut is vastly populated with microbes. The microbiota is composed of 

Bacteria, Archaea, and Eukarya. The Human Microbiome Project established that 

the bacterial community of the gut microbiota is represented by two dominant 

phyla: Firmicutes, Bacteroidetes, and three minor: Actinobacteria, Proteobacteria, 

and Verruccomicrobia (Figure 1. 1) (Turnbaugh et al., 2007). While the 

composition at the phylum level is conserved within the population, the 

combination of constituent species is highly variable between individuals (Figure 

1. 1) (Lozupone et al., 2012, Ottman et al., 2012). The microbial diversity is also 

shaped by the age, gender, diet, lifestyle, and environmental factors (Figure 1. 1) 

(Muegge et al., 2011, Lozupone et al., 2012, Singh et al., 2017). It has been 

suggested that despite being diverse at the species level, the host specifically 

selects for a set of bacterial phyla whose presence provides beneficial attributes 

and promotes its fitness (Arumugam et al., 2011). Microbial disbalance in the gut 

has been strongly linked with diseases ranging from inflammatory bowel diseases, 

obesity, food allergies, to autoimmune diseases such as Rheumatoid arthritis and 

Alzheimer’s disease and cancer (Lloyd-Price et al., 2019, Zhou et al., 2019, 

Jackson et al., 2018) 
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Figure 1.  1 Composition of the human gut microbiota. Bacterial diversity is determined by dietary 

alterations at different life stages.  Figure adapted from Zmora et al. (2019).  

The gut microbiota performs a number of physiological roles, one of which is 

digestion of complex carbohydrates (Figure 1. 2) (Huttenhower et al., 2012). 

Human ability to digest dietary carbohydrates is limited to starch, sucrose, and 

lactose. In contrast, some microbes possess an extensive number of 

Carbohydrate Active enzymes (CAZymes), conferring a huge catabolic potential to 

degrade polysaccharides of exogenous and endogenous origins, producing short 

chain fatty Acids (SCFAs) as by-products (Koropatkin et al., 2012, Martens et al., 

2009a, Kaoutari et al., 2013). The three most abundant SCFAs are butyrate, 

propionate, and acetate. Butyrate accumulates in the gut polarises the immune 

response towards an anti-inflammatory state, induces proliferation of colonocytes, 

and reduces recruitment of immune cells to the lining of the gut (Koh et al., 2016). 
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Propionate is directed to the liver, where it contributes to lipogenesis, while 

acetate is circulated in the periphery, performing a range of physiological roles 

and dictating central homeostasis (Koh et al., 2016).  

Therefore, digestion of complex carbohydrates by the gut microbiota provides a 

range of benefits that are relevant to human health.  

 

Figure 1.  2 Distribution of microbial phyla in stool samples of healthy adults and their associated 

metabolic functions. Figure adapted from Huttenhower et al. (2012) 

 

1. 1. 2 Fungal component of the microbiota (the mycobiota) 

Though understudied in comparison to bacteria, fungi are also normal residents of 

the microbiota (Figure 1. 3 a). Phylogenetic typing using samples from the Human 

Microbiome Project revealed that fungal diversity in the human gut is overall lower 
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than bacterial, showing high variability between individuals (Nash et al., 2017). In 

addition, fungal composition changes over time within a single host and is also 

determined by the age and diet (Nash et al., 2017, Hoffmann et al., 2013). Fungal 

overgrowth is highly associated with inflammation of the bowel, colorectal cancer, 

and other disease states (Richard and Sokol, 2019). Human metagenomes 

demonstrate that the mycobiota is mostly represented by the members of the 

Ascomycota phylum, where the most prevalent species are members of 

Saccharomyces and Candida genera, followed by Malassezia and Cladosporium 

(Figure 1. 3 b) (Hoffmann et al., 2013, Nash et al., 2017). The minor proportion 

was represented by species from Cyberlindnera, Pichia, Debaroymyces, 

Galactomyces, and Clavispora genera, however their abundance varied between 

individuals (Figure 1. 3 b) (Nash et al., 2017). Auchtung and colleagues proposed 

that fungi could be only transient members of the gut microbiota and their 

presence in the large intestine is modulated by their abundance in the oral 

mucosa (Auchtung et al., 2018). Eliminating fungi from the diet or brushing teeth 

straight after a meal decreased overall fungal population in the large intestine 

(Auchtung et al., 2018).  
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Figure 1.  3 Composition of the mycobiota. Panel a: Diversity of fungal genera across physiological 

sites. Figure was adapted from Underhill and Iliev (2014). Panel b: Abundance of fungal genera in 

the stool samples from HMP volunteers. Figure adapted from Nash et al. (2017). 
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1. 1. 3 Bacteria-Fungi Interactions in the gut 

The gastrointestinal (GI) tract can act as a reservoir of C. albicans strains which 

may escape and cause an invasive systemic disease in susceptible individuals. 

Candida strains isolated from patients with candidemia shared close similarity to 

those thriving in the large intestine of these patients (Miranda et al., 2009). In 

addition to C. albicans overgrowth, pathogenesis of Crohn’s disease correlates 

with microbial dysbiosis and is associated with decreased abundance of 

Bacteroides species and, in contrast, increased prevalence of pathogenic E. coli, 

Serratia, and Ruminococcus species (Hoarau et al., 2016). Mice are naturally 

colonised with C. tropicalis and a broad-spectrum antibiotic treatment is required 

to achieve C. albicans colonisation, which is then reversed when commensal 

bacteria are reintroduced (Fan et al., 2015). This indicates that gut bacteria play a 

role in modulating fungal survival in the gut. Murine models also demonstrate that 

C. albicans is able to disseminate from the gut and infect other organs (Koh et al., 

2008, Vautier et al., 2012). Moreover, the presence of C. albicans exacerbates the 

underlying inflammation of Dextran Sodium Sulphate (DSS) induced colitis 

models, which is used to mimic human IBD, by elevating TNF-α and IL-6 

expression (Panpetch et al., 2020).  

Bacterial and fungal components of the microbiota actively interact with each 

other, modulating each other’s fitness in the gut. The presence of B. 

thetaiotaomicron, B. producta and L. reuteri but not B. fragilis was sufficient to 

completely eliminate C. albicans growth in the antibiotic-treated mouse model of 

C. albicans colonisation discussed above  (Fan et al., 2015). These bacteria exert 

their fungicidal effect through the generation of an antimicrobial peptide, LL-37 

(Fan et al., 2015). Antifungal action against C. albicans is also deployed by S. 
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marcescens, which injects toxic effectors via the Type 6 Secretion System (T6SS) 

resulting in fungal death (Trunk et al., 2018). Components of the T6SS are also 

present in gut Bacteroides, implicating their potential in antifungal immunity 

(Verster et al., 2017, Wexler et al., 2016). Another example of bacteria-fungi 

interactions was demonstrated by Graham and colleagues, where Enterococcus 

faecalis was shown to secrete a soluble protein, EntV, which directly disintegrates 

C. albicans biofilms and precludes its virulence via inhibition of filamentation 

(Graham et al., 2017). L. rhamnosus was also shown to reduce the ability of C. 

albicans to form hyphae and invade the epithelial barrier in gut-on-chip models, 

whose immune response promoted epithelial shedding and ultimate death of C. 

albicans (Maurer et al., 2019, Graf et al., 2019). 

Bacterial diversity was shown to impact on fungal composition of ethnically distinct 

cohorts, such that presence of Prevotella species in the Indian population 

correlated with high levels of Candida spp, whereas abundance of Bacteroides 

species in the Japanese population was associated with the presence of 

Saccharomyces spp (Pareek et al., 2019). Here it was also found that P. copri 

failed to colonise germ free mice unless they were pre-colonised with C. albicans, 

indicating a mutualistic relationship between these two species (Pareek et al., 

2019).  

The ecosystem of the human gut is highly dynamic, where the interactions 

between fungal and bacterial species (Figure 1. 4) are dictated by a range of 

biological factors such as the diet, lifestyle, genetic profile, age and others.   
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Figure 1.  4 Summary of Bacteria-Fungi interactions in the human gut. Figure adapted from 

Richard and Sokol (2019). The intercations between Bacterial and Fungal species can be 

unidirectional (single-headed arrow) or bidirectional (double-headed arrow). Positive interactions 

(green boxes) indicate that the presence of one species promotes survival of the other. Negative 

interactions (red boxes) indicate that the presence of the species limits the growth of the other. 

Neutral (blue boxes) shows that the presence of the species is unaffected by the presence of the 

interacting species.  

 



 

 9 

1. 2 Carbohydrate-Degrading Systems 

As mentioned above the primary role of the gut microbiota is to digest complex 

carbohydrates inaccessible to the host. The gut microbiota possesses an 

extensive repertoire of proteins dedicated to the degradation of glycans of dietary, 

mammalian, and microbial origins. The composition of these glycans induces 

differential expression of genes necessary for their utilisation, shaping microbial 

diversity in the gut (Sonnenburg et al., 2005, Martens et al., 2008, Marcobal et al., 

2011). While the role of Firmicutes and Actinobacteria in the degradation of 

complex carbohydrates is less understood, Bacteroides are thought to act as 

glycan-degrading generalists, deploying a variety of strategies to deconstruct 

complex substrates. Bacteroides rapidly adjust their transcriptome in response to 

dietary changes and display a preferential hierarchy towards certain 

carbohydrates, utilisation of which is prioritised over others (Rogers et al., 2013, 

Martens et al., 2008). Moreover, the host favours the presence of Bacteroides 

spp. such as B. thetaiotamicron (Bt) by specifically fucosylating the ileal 

epithelium, thereby creating a niche for its survival (Hooper et al., 1999). In return, 

the by-products of glycan metabolism fortify the integrity of the epithelial barrier, 

increase angiogenesis, educate the immune system towards an anti-inflammatory 

state and a range of other physiological benefits (Bry et al., 1996, Hooper et al., 

1999).  

The systems mediating degradation of complex carbohydrates are usually 

grouped into distinct genetic clusters, termed Polysaccharide Utilisation Loci 

(PULs). These usually contain binding and transport proteins, CAZymes, and 

signal transduction systems. The discovery of PULs, their structural organisation, 

diversity, and regulation is discussed in this section.  
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1. 2. 1 Starch utilisation system 

Salyers and colleagues first demonstrated that Bt utilises amylose, amylopectin, 

and pullulan using a genetic cluster composed of 8 genes, susRABCDEFG 

(Anderson and Salyers, 1989a, Anderson and Salyers, 1989b). These assembled 

into a transmembrane complex, which they called a starch utilisation system (Sus) 

(Figure 1. 5). In this system, SusR was identified to function as a transmembrane 

regulator, which controls expression of the Sus operon in response to extracellular 

malto-oligosaccharides (D'elia and Salyers, 1996b, Cho et al., 2001). An endo-

acting α-1,4 glucanase, SusG, was shown to orchestrate starch metabolism and 

acquisition at the cell surface (Shipman et al., 1999, Koropatkin and Smith, 2010). 

Long oligosaccharides are then captured by SusEF binding proteins and 

transported to the periplasmic space through the SusCD complex, where they are 

further processed into simpler units by α-amylase, SusA, and α-glucosidase, SusB 

(Figure 1. 5) (Reeves et al., 1997, D'elia and Salyers, 1996a, Koropatkin et al., 

2008, Tuson et al., 2018) 
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Figure 1.  5 Diagram of Starch Utilisation system in Bt. SusG (GH13) is a surface neopullulanase 

which initiates starch breakdown. SusEF are surface binding proteins. SusCD complex mediates 

import of oligosaccharides into the periplasmic space, where they are further depolymerised into 

glucose by SusA (GH13) and SusB (GH97). SusR functions as a signal transducer and controls 

expression of proteins in the system. 

1. 2. 2 SusC-SusD complex 

SusC and D proteins closely associate with each other, mediating transport of 

oligosaccharides in a ‘pedal-bin’ mechanism (Glenwright et al., 2017). SusC is a 

TonB-dependent transporter (TBDT) which is composed of a 22 stranded 

transmembrane β-barrel and a globular plug domain, forming a malleable pore in 

the outer membrane (Noinaj et al., 2010, Glenwright et al., 2017, Gray et al., 

2021). Structural investigations into the mechanism of action of SusC-like proteins 

revealed that, unlike other TBDTs, they also contain an N-terminal extension 

domain (NTE) (Gray et al., 2021). Deletion of the NTE in BT1763 precludes 
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growth of Bt on levan, β-2,6-fructan (Gray et al., 2021). The NTE may play a role 

in substrate recognition however its exact function is currently unknown.  

The SusD lipoprotein is attached to the SusC via two hinge loops, which mediate 

the opening and the closure of the complex, hence the “pedal bin” mechanism 

(Glenwright et al., 2017). SusDs function as surface glycan binding proteins 

(SGBPs) and display specificity for oligosaccharides of a certain size range (Gray 

et al., 2021, Koropatkin et al., 2008). In the absence of a substrate, the SusCD 

complex exists in an open state. Upon glycan binding the SusD lid closes, leading 

to a conformational change, facilitating glycan uptake into the periplasmic space 

through the SusC pore with the energy provided by the interaction with TonB 

(Glenwright et al., 2017, Gray et al., 2021). Interestingly, oligosaccharides shorter 

than 4 units do not seem to require active transport and can move freely through 

the open SusCD complex (Gray et al., 2021) 

Bt is predicted to encode at least 209 homologues of SusC-SusD proteins, 

grouped into at least 101 pairs (Martens et al., 2009a, Xu et al., 2007). Based on 

the requirement that a glycan-degrading cluster is defined by at least 1 pair of 

SusCD homologues, 88 putative Polysaccharide Utilisation Loci (PULs) have been 

identified (Martens et al., 2008). These encompassed approximately 900 genes 

that were differentially regulated in response to a diversity of carbon sources 

(Martens et al., 2008, Sonnenburg et al., 2005, Sonnenburg et al., 2010). 

 

1. 2. 3 Polysaccharide utilisation loci (PULs) 

Polysaccharide Utilisation Loci (PULs) of varying lengths have been characterised 

(Martens et al., 2008, Ndeh et al., 2017, Luis et al., 2018). A PUL includes a pair 

of SusCD-like proteins, SGBPs, a regulator, and Carbohydrate Active enzymes 
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(CAZymes). CAZymes are grouped into distinct families based on their sequence 

similarity and include glycoside hydrolases (GH), Polysaccharide Lyases (PL), 

Carbohydrate Esterases (CE), and Lytic Polysaccharide Monooxygenases 

(LPMO) (Cantarel et al., 2009, Lombard et al., 2014). Members of each family are 

catalogued in the CAZy database (http://www.cazy.org), which is regularly 

updated. Currently the CAZy database lists 170 and 41 GH and PL families, 

respectively. 

It has been assumed that each PUL targets a specific glycan structure, however 

as later discussed in Section 1.3, several PULs from one or even multiple species 

are required to work in concert to degrade more complex glycan structures. The 

structural organisation of PULs is retained across other Bacteroidetes and these 

have been collected in the PULDB database (http://www.cazy.org/PULDB/), which 

comprises both predicted and experimentally characterised PULs across 

approximately 900 genomes, encompassing 150,000 CAZyme modules (Terrapon 

et al., 2018, Xu et al., 2007). Analysis of these PULs revealed that about a half of 

them contained CAZymes of unknown functions, whereas the other half contained 

at least 2 PULs of identical compositions and 10% of these PULs were unique 

(Lapébie et al., 2019). Not all CAZymes were associated with a PUL but, overall, it 

was estimated that a few thousand enzyme combinations are required to break 

down all possible glycans (Lapébie et al., 2019). The occurrence of PULs was 

more frequent in Bacteroides genus compared to other Bacteroidetes, and in line 

with this, Bt was estimated to dedicate almost a quarter of its genome to glycan 

metabolism (Xu et al., 2007, Lapébie et al., 2019). Bt was predicted to encode at 

least 230 GHs, but new families are frequently found (Xu et al., 2007).  
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1. 2. 4 Glycoside hydrolases  

Glycoside hydrolases are divided into families based on sequence similarity 

(Henrissat et al., 1995, Henrissat, 1991, Cantarel et al., 2009). It is common that 

GHs from the same family can display different substrate specificities, whereas 

enzymes targeting the same substrate are placed in different families. Most but 

not all GHs are further grouped into 14 clans, GH-A to GH-N. Families within an 

individual clan share a common evolutionary ancestor, structural folds, and the 

catalytic mechanism, with the exception of GH23 and GH97 (Naumoff, 2011, 

Henrissat and Davies, 1997).  

Glycoside hydrolases differ in their ability to process carbohydrates and therefore 

are separated into exo- or endo-acting, which is determined by the topology of the 

active site (Figure 1. 6) (Henrissat and Davies, 1997). Exo-acting enzymes 

possess a pocket topology (Figure 1. 6 a), which allows for the removal of a 

terminal sugar unit from the non-reducing end of a polysaccharide, generating a 

pool of monosaccharides (Davies and Henrissat, 1995, Henrissat and Davies, 

1997). Endo-acting enzymes produce a range of oligosaccharides of varying 

length and have active sites of either open cleft or tunnel topologies (Figure 1. 6 b, 

c) (Davies and Henrissat, 1995). The open cleft facilitates contact of the enzyme 

with sugar units surrounding the scissile bond. The tunnel topology has evolved 

from the open cleft structure but developed distinct loops, which confer tight 

binding with the substrate (Davies and Henrissat, 1995). Exo- and endo-acting 

enzymes usually work in concert, where endo-acting enzymes depolymerise 

complex polysaccharides, making accessible structures to the exo-acting 

enzymes or vice versa.  
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Figure 1.  6 Topologies of the active site of exo- and endo-acting glycoside hydrolases as 

indicated. Figure adapted from (Davies and Henrissat, 1995) 

1. 2. 4. 1 Subsite nomenclature 

Glycoside hydrolases typically cleave glycosidic bonds from the non-reducing 

ends. A subsite of a GH comprises all amino acids which interact with sugars on 

either of the sides of the scissile glycosidic bond. Davis and colleagues proposed 

a system where the subsites, which recognise sugars from the non-reducing end 

are given the increasingly negative numbers, while the ones recognising sugars 

towards the reducing end of the polysaccharide are given the increasingly positive 

numbers (Figure 1. 7). In this nomenclature the scissile bond is located between -

1 and +1 subsites (Figure 1. 7) (Davies et al., 1997). 

 

Figure 1.  7 Subsite nomenclature of a glycoside hydrolase. Reducing and non-reducing ends, 

which respective subsite are indicated. Figure adapted from 

Cazypedia.org,  http://www.cazypedia.org, accessed on 04.03.2021. 
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1. 2. 4. 2 Catalytic mechanism 

Glycosidic bonds are very stable with a half-life of over a million years and yet 

Glycoside hydrolases are very efficient at their hydrolysis. This is achieved by the 

distortion of the glycoside at the -1 subsite into a half chair 3H4 or 4H3 or boat 2,5B 

or B2,5 sugar conformations (Davies and Henrissat, 1995, Ardèvol and Rovira, 

2015). 

Glycoside hydrolases exhibit two main mechanisms of glycosidic bond hydrolysis, 

resulting in either inversion (α→β; β→ α) or retention (α→α or β→β) of the 

anomeric carbon (C1) configuration. Both inverting and retaining reactions require 

two catalytic carboxylates and pass through an oxocarbenium ion-like 

intermediate state. The transition state determines the energy level required for 

bond hydrolysis and is stabilised by the positive charge between the anomeric 

carbon (C1) and the ring oxygen (Davies and Henrissat, 1995). Some enzymes 

from the families GH18, GH20, GH55, GH84, GH85 and GH103 have been 

reported to operate via substrate-assisted catalysis, where oxygen on C2 of the 

sugar at the -1 subsite acts as a nucleophile and forms an oxazoline intermediate 

(Vuong and Wilson, 2010).  

 

1. 2. 4. 3 Inverting mechanism  

Inverting glycoside hydrolases display a single displacement mechanism, where a 

general base removes a proton from a water molecule, generating a hydroxyl ion 

and activating the nucleophilic attack on the anomeric carbon (Figure 1. 8). In turn, 

a general acid donates a proton to facilitate displacement of the leaving group 

(Figure 1. 8). The two catalytic carboxylates, usually Glutamate and Aspartate, are 
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positioned 6-11 Å apart to accommodate a water molecule and the substrate in 

the active site (Zechel and Withers, 2000, Rye and Withers, 2000).  

 

Figure 1.  8 Inverting mechanism of glycoside hydrolases. Oxocarbenium ion-like transition state is 

shown in brackets, catalytic acid/base carboxylates are indicated. Mechanism results in inversion 

of C1 conformation. Figure adapted from Rye et al. (2000).   

1. 2. 4. 4 Retaining mechanism 

Retaining enzymes operate in a double-displacement mechanism, which involves 

two amino acid residues where one functions as a general acid/base and the other 

as a nucleophile, usually glutamate or aspartate, located 5.5 Å apart (Davies and 

Henrissat, 1995, Ardèvol and Rovira, 2015). This is a two-step reaction, which 

passes through glycosylation and deglycosylations steps (Figure 1. 9). In the first 

phase the catalytic amino acid attacks the anomeric centre of the glycoside, acting 

as a nucleophile. The second residue acts as an acid, donating a proton to the 

glycosidic oxygen, forming a glycosyl enzyme intermediate. In the second step, 

the proton donating acid functions as a base and removes a proton from a water 

molecule, inducing a nucleophilic attack on the anomeric centre and displacing the 

sugar (Figure 1. 9) (Zechel and Withers, 2000, Rye and Withers, 2000). This 

mechanism is deployed by the largest clan of glycoside hydrolases, GH-A, which 

process β-glycosidic bonds (Naumoff, 2011).  
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Figure 1.  9 Retaining mechanism of Glycoside Hydrolases. Transitions states, Glycosyl-enzyme 

intermediate, Acid/base and nucleophile residues are indicated. Process is mediated in a two-step 

reaction, resulting in retention of C1 conformation. Figure adapted from Rye et al. (2000). 

 

1. 2. 5 Regulation of PULs 

Expression of PULs is typically regulated via 3 mechanisms: 1) SusR-like 

regulators; 2) Hybrid Two Component Systems (HTCS); 3) Extra-cytoplasmic 

(ECF) sigma/Anti-sigma factors (Ravcheev et al., 2013). Regulation through SusR 

is rare, and most PULs are regulated via HTCS or ECF-σ/anti- σ pairs (Martens et 

al., 2009b, Sonnenburg et al., 2006). Interestingly, PULs mediating degradation of 

host glycans such as mucins are regulated with ECF-σ/anti- σ pairs, whilst those 

targeting plant polysaccharides typically use HTCS (Martens et al., 2011, Martens 

et al., 2008).  In the ECF-σ/anti-σ systems, anti-σ interacts with the TonB box of a 

SusC-like proteins in the periplasm but it is also coupled with ECF-σ at the 
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cytoplasmic face of the inner membrane, repressing transcriptional activation. 

Inducible conditions cause a conformational change in the SusC-anti-σ complex, 

releasing ECF-σ, which modulates gene expression (Martens et al., 2009b). 

HTCS are composed of a periplasmic sensor domain, transmembrane helix, and a 

cytoplasmic Histidine Kinase, receiver domain and AraH-like DNA-binding domain 

in a single polypeptide (Townsend et al., 2013)  Glycan fragment binding induces 

a conformational change, which triggers autophosphorylation of the cytoplasmic 

domains, resulting in differential transcription of the target genes (Lowe et al., 

2012). 

 

1. 3 Metabolism of carbohydrates 

1. 3. 1 Dietary carbohydrates 

Plant cell wall is composed of a variety of sugars, forming highly complex 

polymers (Figure 1. 10). These include cellulose, followed by pectins such as 

rhamnogalacturonan II, and hemicellulose, comprising of xylan, xyloglucan, 

galacto- and gluco-mannan, and mixed linkage β-glucan (Lattimer and Haub, 

2010, Cosgrove, 2005). Plant glycans also include storage molecules such as 

resistant starch and fructans. Dietary fibre differentially regulates microbial 

diversity in the gut, where glycan content is able to select for a certain subset of 

species, inhibiting proliferation of others (Patnode et al., 2019).  

A significant proportion of plant carbohydrates comes in the form of insoluble 

fructans such as inulin and levan. These are differentially utilised by a range of gut 

Bacteroides, but generally, B. thetaiotaomicron displays a strong preference for 

levan, whereas others such as B. caccae, B. ovatus, and B. fragilis are tuned to 
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degrade inulin (Sonnenburg et al., 2010).  Inulin and levan are homopolymers of 

fructose composed of repeating β-2,1 or β-2,6 units, respectively, (Figure 1. 10) 

and their degradation does not require a sophisticated enzymatic machinery. 

Fructan utilisation PULs comprise 9 proteins, some of which bind and transport 

fructo-oligosaccharides and only 3 act as depolymerising enzymes (Sonnenburg 

et al., 2010). Similarly, B. ovatus and B. fragilis orchestrate degradation of plant β-

mannans (Figure 1. 10), such as galactomannan, using a small locus, comprising 

of 2 endo- and 1 exo-acting enzymes (Bågenholm et al., 2017, Reddy et al., 2016, 

Kawaguchi et al., 2014). In contrast, heparin and heparan sulphate are more 

complex polysaccharides, which are composed of repeating units of Glucuronic 

Acid (GlcA) or Iduronic Acid (IdoA) alternating with D-glucosamine (GlcN) (Figure 

1. 10). Moreover, all units within these polysaccharides are differentially 

sulphated, resulting in highly negatively charged hydrophilic molecules, which are 

produced as part of the extracellular matrix by mammalian cells. Unlike fructans, 

deconstruction of this group of polysaccharides involves a PUL composed of 15 

proteins, including enzymes which can de-sulphate and cleave glycosidic bonds 

between amino and uronic sugars (Cartmell et al., 2017). The complexity of 

dietary glycans reflects the complexity of the enzymatic apparatus necessary for 

its utilisation. Pectins, such as rhamnogalacturonan-I (RGI) and 

rhamnogalacturonan-II (RGII) form highly branched molecules, whose degree of 

polymerisation and oligosaccharide decorations is dependent on the plant species 

and can involve up to 13 different sugars linked with numerous glycosidic bonds 

(Figure 1. 10) (Luis et al., 2018, Ndeh et al., 2017). Depolymerisation of such 

complex polymers requires at least 30 different enzymes grouped into 5 separate 

genetic clusters in Bt (Ndeh et al., 2017, Luis et al., 2018). Elements of pectin-



 

 21 

degrading systems are retained in other Bacteroides species, and, given the 

complexity of pectic polymers, species have been suggested to cooperate to 

deconstruct them.  

Production of carbohydrate-degrading enzymes comes at a huge metabolic cost, 

therefore a proportion of bacterial species deploy a ‘selfish’ strategy for glycan 

metabolism. PULs are usually organised to contain a surface-localised endo-

acting enzyme, which initiates glycan breakdown and produces a pool of 

oligosaccharides, depolymerisation of which is then completed intracellularly. In 

this type of strategy, species often display a specific preference for the substrate 

and do not share glycan intermediates with other species (Sonnenburg et al., 

2010, Cuskin et al., 2015b, La Rosa et al., 2019). However, the strategy of 

utilisation of the same substrate is not necessarily conserved. As for example, B. 

caccae outcompetes Bt and does not permit sharing of inulin with other members 

of the gut microbiota, whereas B. ovatus cooperates with B. vulgatus during 

growth on inulin, helping to generate a pool of fructo-oligosaccharides in return for 

reciprocal benefits (Rakoff-Nahoum et al., 2016, Sonnenburg et al., 2010). B. 

ovatus adopts a similar ‘sharing’ model for the degradation of xylan, the main plant 

cell wall polysaccharide. However, the degree of xylan complexity dictates the 

mechanism for its utilisation, where more simple structures such as those 

released from wheat arabinoxylan and birch glucuronoxylan (Figure 1. 10) can be 

shared with Bifidobacterium adolescentis (Rogowski et al., 2015). B. ovatus also 

liberates oligosaccharides from more complex corn glucuronoarabinoxylan (Figure 

1. 10), but these are not consumed by B. adolescentis due to the lack of the 

appropriate apparatus, but it is possible that these are utilised by other members 

of the microbiota (Rogowski et al., 2015). In contrast, B. ovatus deploys a ‘selfish’ 
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manner to degrade xyloglucans (Larsbrink et al., 2014). B. ovatus possesses a 

few distinct xylan-specific PULs, whose expression is determined by the 

complexity of the xylan substrate (Rogowski et al., 2015). The inter-phylum 

competition for the same carbon source was demonstrated by La Rosa et al. 

(2019), where an avid β-mannan (Figure 1. 10) user, Roseburia intestinalis from 

the Firmicutes phylum, deploys a ‘selfish’ mechanism, but at the same time 

permits sharing with B. ovatus while β-mannan is in excess. In nutrient-depleted 

conditions, the sharing ceases and R. intestinalis outcomes B. ovatus (La Rosa et 

al., 2019).  

Interestingly, while being able to degrade the most complex polysaccharides and 

possessing such a dramatic saccharolytic potential, human gut Bacteroides are 

incapable of breaking down crystalline cellulose (Figure 1. 10) (Martens et al., 

2011). In contrast, this function has been designated to Bacteroidetes phylotype 

AC2a, inhabiting cow rumen and closely similar to a strain isolated from tammar 

wallaby, whose diet primarily consists of lignocellulose. Unlike β-glucan PULs in 

human gut Bacteroides, the PUL orchestrating cellulose degradation in AC2a 

produces two endo-acting enzymes localised to the cell surface, which cooperate 

to complement each other (Naas et al., 2015, Naas et al., 2014).  
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Figure 1.  10 Schematic structures of dietary carbohydrates. Panel a: structure of inulin and levan; 

Panel b: structure of pectins, figure adapted from Martens et al. (2011); Panel c: structure of birch 

glucuronoxylan, wheat arabinoxylan, and corn glucuronoarabinoxylan, figure taken from Rogowski 

et al. (2015); panel d: structure of plant β-mannans, figure adapted from La Rosa et al. (2019); 

Panel f: structure of heparin and heparan sulphate, adapted from Cartmell et al. (2017); Panel g: 

structure of cellulose, taken from Larsbrink and Mckee (2020). Monosaccharides are represented 

with appropriate symbols as per Consortium for Functional Glycomics format Raman et al. (2006) 
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1. 3. 2 Host glycans  

In addition to dietary carbohydrates, the gut microbiota is able to degrade glycans 

which are derived from the host (Martens et al., 2008). Degradation of highly 

sulphated glycosaminoglycans (GAGs), which include chondroitin sulphate, 

dermatan sulphate as well as hyaluronic acid, is mediated by a single PUL, which 

is strikingly enriched with sulfatases and Polysaccharide Lyases (PLs) capable to 

cleave glycosidic bonds between uronic sugars (Ndeh et al., 2020). GAGs are 

highly preferable substrates for Bt maybe due to the fact that they are produced as 

free molecules, composing the synovial fluid and cartilage, and the extracellular 

matrix (Pudlo et al., 2015, Rogers et al., 2013). All host proteins, however, are 

highly decorated with glycans. Glycosylation is the primary mode of post-

translational modification, determining protein folding, stability, and cellular 

localisation (Wang et al., 2014, Blom et al., 2004). Glycans are usually N- or O- 

bound to the Asparagine or Serine/Threonine residues of a protein, respectively 

(Blom et al., 2004).  

1. 3. 2. 1 N-linked glycans 

N-glycans decorate proteins such as α-1-acid-glycoprotein and albumin, 

ribonuclease B, lactoferrin, α-antitrypsin, all immunoglobulins (Goonatilleke et al., 

2019). N-glycosylation begins with covalent attachment of the pentasaccharide 

core (Man3GlcNAc2) to Aspargine (Asn) residues of a protein (Chung et al., 2017, 

Wang et al., 2014). The core is then further modified, splitting N-glycans into three 

groups: 1) High mannose; 2) Complex; 3) Hybrid (Figure 1. 11) (Chung et al., 

2017, Higel et al., 2016). The core of High Mannose N-glycans (HMNG) is 

extended by mannose moieties linked by different glycosidic bonds, forming Man5-
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9GlcNAc2 in mammals (Figure 1. 11 b). In yeast, the core is further decorated with 

up to several hundreds of mannose units, producing a highly complex 

hypermannose N-glycan (Figure 1. 11 b) (Chung et al., 2017, Ballou et al., 1974). 

Complex N-glycans display heterogeneity but generally Man3GlcNAc2 is extended 

with β-1,2-linked N-acetyl glucosamine (GlcNAc) followed by galactose via β-1,4 

linkage, forming LacNAc antennae, which are commonly terminated with α-2,3 or 

α-2,6-linked Sialic Acid (Neu5Ac). In this type of N-glycans the core GlcNAc can 

also be decorated with α-1,6 or α-1,3 linked fucose (Figure 1. 11 c) (Chung et al., 

2017). Hybrid N-glycans possess elements of both HMNG and Complex N-

glycans, where LacNAc antennae capped with sialic acid are attached to one of 

the core mannose moieties and the second mannose residue is mildly decorated 

with additional mannoses. In plants, complex N-glycans contain a characteristic β-

1,2-xylose side chain and the core GlcNAc can be decorated with α-1,3-linked 

fucose (Figure 1. 11 d) (Chung et al., 2017, Higel et al., 2016).  
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Figure 1.  11 Types of N-linked Glycans. Panel a: N-glycans core Man3GlcNAc2. Panel b: 

Mammalian and yeast High Mannose N-glycans. Panel c: structure of Complex N-glycan. Panel d: 

diagram of Hybrid N-glycans. 

The composition and heterogeneity of N-glycans highlights the complexity of the 

mechanisms required for their utilisation. Bt was shown to dedicate multiple 

genetic loci to the degradation of complex N-glycans, expression of which was 

orchestrated by the dominant PUL. These loci combine into a system, where 

surface enzymes can de-sialate and release the entire N-glycan from the protein 

to be further depolymerised by a diversity of enzymes intracellularly (Briliūtė et al., 

2019). Whilst this is specific for complex and Hybrid N-glycans, Bt dedicates a 

separate degradome to process HMNG (Cuskin et al., 2015b). In addition to 

Bacteroides, species of Bifidobacterium genus, B. infantis and B. longum, 

commonly associated with infant gut microbiota, produce similar endo-processive 
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enzymes which cleave complex as well as high-mannose N-glycans from a range 

of glycoproteins, including those found in Human Milk (Garrido et al., 2012).  

1. 3. 2. 2 O-linked glycans  

 O-glycosylation of proteins occurs at serine (Ser) or threonine (Thr) resides 

Figure 1. 5) (Joshi et al., 2018, Wang et al., 2014, Blom et al., 2004). O-

glycosylation of proteins is highly diverse and can initiate with O-mannose, O-

GalNAc, O-galactose, O-xylose, O-fucose, O-glucose, O-GlcNAc (Figure 1. 12 a) 

(Joshi et al., 2018).  

O-mannosylation is restricted to yeast and the core mannose is linked to the 

protein backbone, which is then elongated by repeating α-1,2 mannosyl residues 

to form a linear polymer (Figure 1. 12 b) (Mora-Montes et al., 2009). Intestinal 

mucins are heavily decorated with O-glycans, which constitute up to 80% of the 

total weight of mucin glycoproteins (Blom et al., 2004, Larsson et al., 2009). O-

glycosylation is initiated by the attachment of N-acetyl galactosamine (GalNAc), 

which is then extended into a poly LacNAc chain (GlcNAc-galactose units), which 

are then capped with α-linked sialic acid, galactose, GlcNAc, or GalNAc moieties 

(Figure 1. 12 c) (Joshi et al., 2018, Brockhausen and Stanley, 2015). Decoration 

patterns of mucins vary dramatically and Gal and GlcNAc moieties can be further 

modified with sulfation, resulting in gel-like macromolecules (Figure 1. 12 c) 

(Larsson et al., 2009). Sulphation usually precludes enzymatic degradation, 

despite this gut bacteria have developed a system to overcome this problem, 

allowing them to thrive on mucosal glycans (Derrien et al., 2004, Pudlo et al., 

2015, Martens et al., 2008). Recently it was shown that 3 Bacteroides species: Bt, 

B. fragilis, and B. caccae as well as Akkermansia muciniphila release polyLacNAc 

chains of varying lengths from mucin glycoproteins using surface-localised endo-
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β-galactosidases (Crouch et al., 2019). In addition to mucins, human milk is 

enriched in O-glycans, which decorate glycoproteins such as casein. In addition, 

Human milk oligosaccharides (HMOs) share structural similarity to mucin O-

glycans. HMOs upregulate a range of genetic loci, which overlap with mucin and 

HMNG metabolism, in B. fragilis and Bt (Marcobal et al., 2011). The terminal sialic 

acid caps render protection to glycans against unspecific degradation, and 

interestingly, Bt removes sialic acid caps from HMOs but does not utilise it due to 

the lack of the necessary system (Marcobal et al., 2011). Free sialic acid is rapidly 

consumed by B. fragilis but also presumably by other members of the infant gut 

microbiota (Marcobal et al., 2011). This strongly indicates that once sialic acid has 

been removed from HMOs, other Bacteroides can probably participate in their 

depolymerisation. In addition to Bacteroides, Bifidobacterium possess HMO 

degrading enzymes, which allow them to share glycosyl-intermediates with each 

other (Lawson et al., 2020). O-glycans are a low priority substrate and their 

utilisation is rapidly repressed in the presence of other dietary sources (Pudlo et 

al., 2015). This behaviour, however, is not conserved in other Bacteroides, as for 

example B. massiliensis preferentially selects O-glycans over other substrates 

such as starch (Pudlo et al., 2015). 
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Figure 1.  12 Types of O-glycosylation. Panel a: Variety of O-glycan cores. Panel b: Structure of 

fungal O-mannans. Panel b: Decoration of mucin glycoproteins in the intestinal tract. 

1. 4 Fungal cell wall 

Alongside dietary and host glycans, other microbes inhabiting the gut can provide 

a source of nutrients for glycan degraders such as Bacteroides. The yeast cell wall 

is composed of multiple layers of polysaccharides: chitin, β-glucan, and mannan, 

which create a shield, conferring protection against oxidative and osmotic stress, 

determining cell wall rigidity and also defining recognition of the fungus by the 

immune system (Levin, 2011, Klis et al., 2006, Netea et al., 2008).  

1. 4. 1 Structure of the cell wall  

The fungal cell wall can be divided into three separate sugar layers. In 

Saccharomyces and Candida spp, the innermost layer is composed of a β-1,4-

GlcNAc polymer, chitin (Figure 1. 13 a, b). This is then decorated with a layer of β-

1,3-glucan crosslinked via β-1,6 bonds (Klis et al., 2006, Gow et al., 2017). The 
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outer layer is composed of a matrix of highly mannosylated cell wall proteins 

(CWP), covalently attached to β-1,6-glucan (Figure 1. 13 a, b) (Hall and Gow, 

2013). Most of these CWP are GPI-anchored, some however can be attached via 

Protein internal repeats (Pir) and perform a diversity of functions (Gow et al., 

2017). There are at least 66 CWP in S. cerevisiae, whereas some Candida 

species possess hunderds of such proteins (De Groot et al., 2003). Expression of 

these proteins is tightly regulated, and they determine adaptation to stress, 

morphogenesis, and virulence (Gow et al., 2017) 

Mannosylation of the cell wall is primarily N-linked but O-bound mannans also 

exist. N-mannans possess an N-glycan core, which is then elongated with up to 

200 α-1,6-linked mannose moieties, forming a linear backbone. A range of 

mannosyltransferases then extends the backbone with α-1,2 and α-1,3-linked 

mannan sidechains (Figure 1. 13 c) (Ballou et al., 1974). In Saccharomyces spp., 

the number of mannose residues in the side chain is dependent on the strain, 

however the longest was discovered to be a pentasaccharide, consisting of man-

α1,2-man-α1,2-a1,3-man-α1,3-man (Ballou et al., 1974).  In addition, linear side 

chains are decorated with phosphates via phosphodiester linkage and elongated 

with α-1,3 mannobiose or mannotriose (Figure 1. 13 c) (Ballou, 1976, Corbacho et 

al., 2010, Karson and Ballou, 1978). O-mannans are short linear polymers 

composed of either α-1,3 or α-1,2-linked mannosyl residues (Figure 1. 13 d) 

(Ballou, 1990). 

The architecture of mannan from Candida spp. is more complex. Whilst retaining 

the overall α-1,6, α-1,2, α-1,3 oligomannose organisation, the branches are also 

capped with β-1,2 mannosides (Figure 1. 13 e) (Kobayashi et al., 1994). β-
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mannosylation of the sidechains is highly heterogeneous and depends on the 

serotypes and strain of Candida species (Yan et al., 2020).  

The acid stable (not linked with phosphodiester linkages) mannan of C. albicans 

serotype A can contain up to four β-1,2-mannosyl residues, capping either α-1,2 

or α-1,3 linked sidechains, extending them to manno-octaoses in some places 

(Figure 1. 13 e) (Shibata et al., 1992, Yan et al., 2020). None or a single β-

mannosylation also occurs (Yan et al., 2020, Shibata et al., 2007). In contrast, C. 

albicans serotype B lacks β-mannosylation in the acid stable mannan (Mille et al., 

2008). The differentiation between serotypes relies on the sensitivity of C. albicans 

to 5-flurocytosite, where B is resistant, and A is not (Mercure et al., 1996). The 

serotype B is a lot less virulent and less common than the serotype A, and 

majority of clinical isolates, including the laboratory strain SC5314, belong to the 

Serotype A (Mercure et al., 1996, Odds et al., 2004). 1H-NMR structure of mannan 

from C. albicans from both serotypes shows that, in addition to β-mannan, some 

sidechains have ubiquitous α-1,6-linked mannosyl units attached (Figure 1. 13 e) 

(Shibata et al., 2007, Yan et al., 2020). Patterns of β-mannosylation are highly 

variable across Candida spp and, for example, Candida auris and Candida 

haemulonii  only scarcely distribute β-mannoses in their cell walls (Yan et al., 

2020). Interestingly, regardless of the serotype, all C. albicans species retain β-

mannosylation of phosphomannan and phospholipomannan, where a single 

mannose unit is linked to a phosphate moiety and then elongated to form β-

mannooligosaccharides (Figure 1. 13 d, e) (Kobayashi et al., 1994). Recently it 

has been shown that, while forming three visibly separate layers, all layers in the 

cell wall are intertwined, where some mannosylated proteins are embedded into 
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the glucan layer, forming an extremely complex multi-polysaccharide matrix 

(Figure 1. 13 b) (Lenardon et al., 2020) 

 

Figure 1.  13 Structure of fungal cell wall. Panel a: diagram of multi-layered structure of cell wall. 

Panel b: top picture – 2D optimised tomogram of C. albicans cell wall; bottom picture: 

reconstructed 3D model of C. albicans cell wall, pictured adapted from Lenardon et al. (2020). 

Panel c: diagram of N-linked mannan in S. cerevisiae cell wall. Panel d: diagram of O-linked 

mannan in both S. cerevisiae and C. albicans and phospholipomannan from C. albicans. Panel e: 

diagram of N-linked mannan in C. albicans serotype A and B. 
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1. 4. 2 Recognition of the cell wall by the Immune system  

Polysaccharide constituents of the cell wall define fungal recognition by the 

immune system and thus determine their survival in the host. The first line defence 

against fungal invasions relies on phagocytosis by neutrophils and macrophages 

as well as dendritic cells, which activate the adaptive immune response (Erwig 

and Gow, 2016, Swidergall, 2019). This is dependent on the interplay between a 

range of Pattern Recognition Receptors (PRR) expressed by these immune cells, 

which carefully examine the epitopes presented by fungal cells (Figure 1. 14) 

(Erwig and Gow, 2016, Swidergall, 2019). Signalling of these receptors polarises 

the immune system towards either inflammatory or tolerogenic states. In vivo 

models using knock out mice highlight the complexity of this interplay as usually 

the phenotype associated with a set of genetic manipulations in vitro or ex vivo is 

often unattainable in vivo and vice versa.  

 

1. 4. 2. 1 Immune recognition of α-mannan  

N-linked mannan is thought to be recognised through its terminal α-1,2 α-1,3 

residues by the mannose receptor (CD206) located on a range of immune cells 

such as macrophages, dendritic cells (DCs), and endothelial cells (Kéry et al., 

1992). C. albicans strains deficient in N-glycans elicit only 20% of the total pro-

inflammatory response in human monocytes in vitro and display a highly 

attenuated virulence in vivo, resulting in 90% survival rates (Netea et al., 2006). 

However, the loss of this receptor is not critical, as mice deficient in CD2006 do 

not exhibit abnormal defence responses to systemic Candida infection and their 
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macrophages are still able to perform efficient phagocytosis (Lee et al., 2003). 

Dendritic cell receptor, Dectin-2 (CLEC6A) (Figure 1. 14) is a central α-mannan 

receptor and its deletion exacerbated fungal burden in mice, bone marrow derived 

dendritic cells from these mice failed to respond to both purified mannan and 

whole C. albicans cells (Saijo et al., 2010, Ifrim et al., 2016, Mcgreal et al., 2006). 

Moreover, Dectin-2 associates with Fc𝛾R to polarise naïve CD4+ cells towards 

TH17 phenotype, central to the antifungal defence (Saijo et al., 2010). Another 

dendritic cell receptor, DC-SIGN (Figure 1. 14), has shown specificity for the α-

linked epitopes in N-mannan from Candida spp but not S. cerevisiae (Guo et al., 

2004, Cambi et al., 2008). 

The role of O-linked mannan in the host antifungal response is thought to be less 

important (Netea et al., 2006). O-mannan is recognised by Toll-like receptor 4 

(TLR4) (Figure 1. 14), however strains lacking O-mannan were still highly 

immunogenic and were eagerly phagocytosed (Netea et al., 2006). Involvement of 

TLR4 in antifungal responses remains unclear, as this receptor primarily 

orchestrates antibacterial defence mechanisms, recognising GlcNAc and 3-deoxy-

3-manno-2-octulosonic acid components of bacterial lipopolysaccharide (LPS) 

(Cochet and Peri, 2017).  

In addition to acting as epitopes for innate PPRs, α-mannan generates a pool of 

antibodies, which serve as biomarkers of Chron’s disease (CD) (Israeli et al., 

2005). Terminal man-α1,3-man-α1,2 decorations have been shown to induce 

production of Anti-Saccharomyces cerevisiae antibodies (ASCA) (Young et al., 

1998). These are also detected in sera of CD patients upon stimulation with 

mannan from C. albicans (Standaert-Vitse et al., 2006). 
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1. 4. 2. 2 Immune recognition of β-mannan 

β-1,2 mannooligosaccharides from Candida cell wall are recognised via Galectin-3 

(Figure 1. 14), which is expressed by an array of immune cells including 

macrophages and epithelial cells (Fradin et al., 2000, Kohatsu et al., 2006). 

Kohatsu et al. showed that activation of Galectin 3 required oligosaccharides 

where β-1,2-mannosides were linked to the underlying α-mannan or phosphate 

(Kohatsu et al., 2006). Interestingly, while being attached to macrophages 

stimulation of Galectin 3 induced TNF-α production, however in assays using 

recombinant protein, binding of Galectin 3 to C. albicans cells resulted in cell 

death (Kohatsu et al., 2006). This fungicidal effect of the recombinant protein was 

found to be dependent on its interaction with capping β-1,2 mannosides, which are 

attached to the branches of the cell wall via either phosphodiester or α-1,2 but not 

α-1,3 glycosidic bonds (Kohatsu et al., 2006).  

1. 4. 2. 3 Immune recognition of the inner layer of the cell wall: β-glucan and 

chitin 

The inner layer of the fungal cell wall composed of chitin and β-1,3-glucan is 

extensively masked by mannoproteins (Figure 1. 14). Despite being exposed only 

at the scars of budding yeast and not filamentous cells, it evokes a potent immune 

response ex vivo via interaction with Dectin-1 receptor (Figure 1. 14) (Brown et al., 

2003, Gantner et al., 2005). Netea et al. (2006) showed that in the absence of N- 

or O-linked mannan, the residual inflammatory response was mediated via 

recognition of the β-1,3-glucan layer by Dectin-1 receptor. However, in vivo 

experiments with Dectin-1 knock out mice suggested that the loss of this receptor 

on its own is not sufficient to exacerbate fungal infection as these mice developed 

a normal immune response (Saijo et al., 2007). Activation of Dectin-1 leads to 
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production of TNF-α and was suggested to require co-stimulation with TLR2 

(Brown et al., 2003, Gantner et al., 2003). Interestingly, Dectin-1 cooperates with a 

β-mannan recognising receptor, galectin 3, to mount the TNF-α response in the 

presence of C. albicans but not S. cerevisiae (Esteban et al., 2011). Carriage of a 

Single Nucleotide Polymorphism (SNP) in CLEC7a allele results in defective 

Dectin-1 signalling in the gut and was found to be strongly associated with 

spontaneous ulcerative colitis refractory to treatment (Iliev et al., 2012).  

The exact recognition of chitin epitopes, which are also exposed at the bud scars 

along with β-glucan, is not well described. GlcNAc fragments but not long 

polymers can be recognised by the TLR2 on murine macrophages in vitro and in 

vivo, contributing to the TH-17 mediated anti-fungal immunity (Da Silva et al., 

2008). Determination of the crystal structure of the TLR2 revealed that oligomers 

of at least 6 GlcNAc residues are required to facilitate an inflammatory response 

(Fuchs et al., 2018). Interestingly, the authors suggested that chito-

oligosaccharides shorter than 5 units may polarise receptor signalling towards an 

anti-inflammatory phenotype (Fuchs et al., 2018). Due to the discrete position of 

the chitin layer in the cell wall, exposure of these epitopes will be dictated by the 

overall architecture of the cell wall.  
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Figure 1.  14 Summary on the recognition of fungal cell wall polysaccharides by the Pattern 

Recognition Receptors in the host. Each epitope and its appropriate PRR are indicated in the 

figure. N-mannan is recognised by mannose receptor (MMR), DC-SIGN, MINCLE, and Dectin-2-

Fc𝛾R receptors; O-mannan is recognised by TLR4; β-mannan is recognised by Galectin 3, which 

associates with TLR2; recognition β-glucan is sensed via Dectin-1; chitin is sensed via an 

unknown receptor, possibly TLR2. Figure adapted from Gow et al. (2012). 

 

1. 5 Utilisation of fungal cell wall polysaccharides by gut Bacteroides 

1. 5. 1 Breakdown of β-glucan 

Members of gut Bacteroides are well accustomed to digest β-glucan. Mixed 

linkage β-1,4/1,3 glucan is a common component of oats and barley, whereas a β-

1,3-linked homopolymer, which can be differentially decorated with β-1,6 units, is 

found in microbial cell walls. B. ovatus was first discovered to process barley β-

glucans using a surface-endo-glucanase, which also displayed activity on all other 
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types of β-glucans such laminarin and yeast glucan (Tamura et al., 2017). The β-

glucan PUL was found to be retained in all strain of B. xylanisolvens and B. 

uniformis and some strains of B. finegoldii and B. cellulosilyticus and was also 

detected at least once in 90% of human gut metagenomes (Tamura et al., 2017). 

Organisation of fungal β-glucan is relatively specific as it is composed of long β-

1,3-linked polymers, cross-linked with β-1,6 bridges. Interestingly, while being 

unable to utilise barley β-glucan, Bt possesses a PUL strictly specific for fungal β-

1,6 glucan (Martens et al., 2011, Temple et al., 2017). Structural organisation of 

this PUL is distinct from barley β-glucan PUL as it contains an endo-β-1,6-

glucanase, which displays a strict specificity long β-1,6 polymers (pustulan) only 

(Temple et al., 2017). Analysis of other Bacteroides genomes revealed that 

homologous PULs were also present in B. ovatus, and B. xylanisolvens and some 

B. finegoldii strains as well as a small number of Bacteroidetes (Temple et al., 

2017). These data suggest that gut Bacteroides are capable of modifying fungal 

cell wall, however as discussed in Section 1.4, the β-glucan layer is masked by 

the matrix of mannan and is only available at the bud scars of dividing yeast, 

suggesting its accessibility is most likely limited. 

1. 5. 2 Breakdown of fungal mannan by B. thetaiotaomicron 

Bt was shown to upregulate three specific PULs in response to α-mannan from S. 

cerevisiae (Figure 1. 15) (Martens et al., 2011, Martens et al., 2008, Cuskin et al., 

2015b). These three PULs were confined to the utilisation of hypermannose N-

glycan, and the degradation of HMNG or fungal β-1,6-glucan is orchestrated by 

two additional distinct PULs. Mannan-specific PULs were annotated as MAN-

PUL1, MAN-PUL2, and MAN-PUL3, where proteins assembled a machinery 

where surface endo-mannanases cleave large oligosaccharides from yeast 
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mannan, which are then transported into the periplasmic space and further 

depolymerised into smaller fragments (Figure 1. 16) (Cuskin et al., 2015b). MAN-

PUL2 plays a central role in mannan degradation and its deletion aborted ability of 

Bt to grow on yeast mannan, while Bt strain lacking MAN-PUL1/3 displayed a 

defective growth profile. Interestingly, in vivo assays showed that Bt strain 

Δpul1/2/3 was able to outcompete wild type Bt when mice were fed 

polysaccharide free diet. However, when glycans were reintroduced into the diet, 

the opposite was observed (Cuskin et al., 2015b). Elements of mannan PULs 

were detected in at least 60% of human metagenomes (Cuskin et al., 2015b). All 

sequenced Bt strains possess three mannan PULs and display robust growth on 

mannan from S. cerevisiae, C. albicans and S. pombe, whereas fragments of 

MAN-PUL1 and MAN-PUL2 were found in other gut Bacteroides, such as 

Bacteroides ovatus and Bacteroides xylanisolvens (Cuskin et al., 2015b). Genome 

analysis revealed that B. xylanisolvens strains NLAE- zl- P732; -P352; -P393; -

P736; P727 isolated from pigs have inherited MAN-PUL-1 from Bt via conjugative 

transposition, however most B. xylanisolvens or B. ovatus strains were unable to 

grow on branched fungal mannan but displayed growth on simplified mannan 

variants (Cuskin et al., 2015b).  
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Figure 1.  15 Three PULs upregulated in Bt in response to mannan from S. cerevisiae. Figure 

adapted from Cuskin et al. (2015). 

The enzymatic apparatus of mannan depolymerisation in Bt involves 12 α-mannan 

specific exo- and endo-acting enzymes from 5 different GH families (Figure 1. 15). 

The surface endo-acting mannosidase BT3862 (GH99) alleviates steric constrains 

by cleaving internal α-1,2 bonds, releasing α-1,3 disaccharides from mannan 

sidechains. Non-mannan PUL encoded GH92s likely also contribute to the 

removal of some side chains enabling the surface endo α-1,6 mannanases from 

family GH76 (BT3792 and BT2623), which require undecorated mannan to act 

(Figure 1. 16). These enzymes produce branched oligosaccharides that are 

transported into the periplasm and degraded intracellularly by an array of 

periplasmic enzymes: 4 GH92s, 2 GH76s, 3 GH125s, and a GH38 (Figure 1. 16). 

The GH38, BT3774, is crucial for mannan depolymerisation and Bt mutants 

Δbt3774 display a defective phenotype (Cuskin et al., 2015b). In addition to α-

mannan degrading enzymes, MAN-PUL2 encloses a GH130, BT3780, which was 

able to remove β-1,2-mannosyl caps from C. albicans mannan, suggested to 
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expose the α-mannan component of C. albicans cell wall (Figure 1. 13 e and 

Figure 1. 16)  (Cuskin et al., 2015a).  

 

 

Figure 1.  16 Selfish mechanism of mannan utilisation in Bt. Surface endo-mannanases GH99 and 

GH76s cleave large oligosaccharides from yeast mannan and transport them into the periplasmic 

space. Mannan fragments are further degraded by a number of periplasmic enzymes as indicated. 

Figure adapted from Cuskin et al. (2015). 

As discussed in Section 1.3, production of such an extensive repertoire of proteins 

will require a significant amount of energy and, given the conservation of mannan 

PULs in other gut Bacteroides, it would be logical to predict that multiple species 
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may cooperate to degrade yeast mannan. Bt, however, deployed a “selfish” 

mechanism of mannan utilisation and did not promote growth of mannan non-

degrading species (Cuskin et al., 2015b). This behaviour indicates that fungal 

mannan is such a limited substrate in the gut, which forced Bt to develop a highly 

competitive strategy for its utilisation. The structural similarity of PULs in other 

Bacteroides to mannan PULs in Bt leads to a conclusion that all of them would 

use a ‘selfish’ strategy for mannan breakdown. Considering the competitiveness of 

Bt, it is unclear why these species would retain degrading systems, which they will 

unlikely be able to use, and logically, these genes should be lost under the 

evolutionary pressure. Cuskin et al. (2015b) also showed that some strains of B. 

salyersiae were able to grow to a higher OD600 than Bt, despite not sharing 

structural synteny with mannan PULs. The ability of B. salyersiae to utilise yeast 

mannan was not addressed in this study, and therefore it is currently unknown 

how this bacterium implements mannan breakdown and what strategy is 

deployed.  

The degradation of fungal mannan will firstly reflect on the availability of β-glucan 

to Bt as well as other gut Bacteroides. It will also modify the epitopes fungi present 

to the immune system, most likely altering the immune response. However, 

whether this contributes to fungal survival and commensalism in the gut or, 

inversely, the pathogenesis is unknown.  

 

1. 5. 3 Fungal cell wall is a dynamic structure 

Adding another level of complexity, the structure of the fungal cell wall is malleable 

and responds to environmental changes such as alterations in temperature, pH, a 

food source, and oxygen availability by reorganising its sugar layers. The amount 
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of mannan or β-glucan that can be released from the fungal cell wall by gut 

bacteria is currently unknown. It is similarly unknown how this enzymatic 

degradation impacts on fungal physiology. Given the flexibility of the fungal cell 

wall, as discussed below, it is not in question, that live fungi would respond to the 

degradation of their own cell wall by the alien microbes.  

1. 5. 3. 1 Remodelling in response to Carbon source 

Fungi are often grown in glucose rich media in laboratory conditions. However, 

glucose availability is highly limited at physiological sites other than blood. In the 

gastrointestinal or urogenital tracts, C. albicans survives using lactate as a primary 

carbon source, which accumulates in the milieu as a by-product of microbial 

metabolism (Ene et al., 2012, Ballou et al., 2016). Lactate grown C. albicans cells 

develop thinner cell walls, where the thickness of the β-glucan and chitin layers is 

reduced by about 50%, mannan matrix condenses as fibrils become scarcely 

distributed around cell periphery (Figure 1. 17 a) (Ene et al., 2012). This lactate 

mediated cell wall re-organisation is reversible and results in reduced exposure of 

β-glucan in Candida spp but not in S. cerevisiae (Figure 1. 17 a) (Ballou et al., 

2016). The total amount of the cell wall constituents (Mannose, Glucose, GlcNAc) 

remains unchanged, suggesting that the cell wall re-modelling is a result of 

rearrangement of the glycosidic bonds.  

1. 5. 3. 2 Remodelling in response to low oxygen environment  

The human gut is strictly anaerobic to allow for the survival of the resident 

microbiota. 

Pradhan et al. (2018) showed that, similar to changes in the carbon source, C. 

albicans re-arranges its cell wall in response to low oxygen concentrations.  
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Hypoxia halved the thickness of all three cell wall layers and was associated with 

decreased exposure of β-glucan (Figure 1. 17 b) (Pradhan et al., 2018). This 

process was retained in pathogenic clinical isolates but not in Candida glabrata. 

Moreover, hypoxic environment of the gut has been suggested to polarise C. 

albicans towards a less virulent, commensalism-associated phenotype (Pradhan 

et al., 2018).  

1. 5. 3. 3 Remodelling in response to changes in pH 

pH of the gastro-intestinal tract is highly varriable and shifts from being highly 

acidic in the stomach (pH 2) to mildly acidic in the small intestine (pH 5) to mildly 

alkaline in the colon (pH 7.7) (Evans et al., 1988). S. cerevisiae masks β-glucan 

layer in response to low environmental pH, via enhanced incorporation of CWP in 

the cell wall (Kapteyn et al., 2001). In contrast, C. albicans reveals its β-glucan 

layer in acidic pH and condenses its mannan fibrils (Figure 1. 17 c) (Sherrington et 

al., 2017). In both S. cerevisiae and C. albicans, acidic environment also promotes 

unmasking of chitin at the bud scars by suppression of Cht2 chitinase activity, 

regulated by Rim 101 (Figure 1. 17 c) (Sherrington et al., 2017, Kapteyn et al., 

2001).  
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Figure 1.  17 Cell wall remodelling in response to carbon source, oxygen availability, and ambient 

pH. In all panels black and white arrows indicate mannan and inner layers, respectively. Panel a: 

top picture TEM of C. albicans cell wall in response to glucose or lactate, adapted from Ene et al. 

(2012); bottom picture: exposure of mannan and β-glucan (green box) in lactate grown C. albicans, 

adapted from Ballou et al. (2016). Panel b: Cell wall changes in C. albicans cell wall in response to 

hypoxia, adapted from Pradhan et al. (2018). Panel c:  Changes in C. albicans cell wall in 

response to low pH, increasing exposure of β-glucan and chitin in low pH is shown in a green box, 

adapted from Sherrington et al. (2017). 

1. 6 Mannan degrading enzymes  

α-Mannosidases are exo-acting enzymes which remove mannose from the non-

reducing end from complex manno-polymers, usually N-glycans. Maturation of N-

glycans occurs in the Endoplasmic Reticulum (ER), Golgi, and the cytoplasm and 

is critical for homeostasis, as aberrant N-glycosylation has been associated with 

oncogenesis and tumour metastasis (Couldrey and E Green, 2000). Originally, 

mannosidases were split into two classes I and II, represented by the families 

GH47 and GH38, respectively. However, other families of mannosidases have 

been characterised and to date exo-acting α-mannosidases are grouped into four 
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enzyme families: GH47, GH38, GH92, GH125 (Herscovics, 2001). Endo-acting 

mannanases are represented with 2 families: GH76 and GH99. These display 

divergent structural folds and operate via different catalytic mechanisms. All α-

mannosidases, except for the members of the GH125 family, display dependence 

on divalent cation and require either Ca2+, Zn2+, Mg+2 for activity (Jelinek-Kelly and 

Herscovics, 1988, Zhu et al., 2010, Gregg et al., 2011, Venkatesan et al., 2009). 

 

1. 6. 1 Class I α-mannosidases: Glycoside Hydrolases 47.  

Class I α-mannosidases are representative of the GH47 family. In mammals and 

yeast, these display α-1,2-mannosidic activity and localise to the ER and the 

Golgi, where they process high mannose N-glycans (HMNG) (Figure 1. 18 a) 

(Herscovics, 2001). Mammalian and yeast ER GH47s modify Man9GlcNAc2 N-

glycan precursor to Man7-8GlcNAc2, and thus monitor glycosylation of proteins 

(Figure 1. 18 a) (Herscovics, 2001, Jelinek-Kelly and Herscovics, 1988). Golgi 

GH47s exhibit specificity for α-1,2-linkage, trimming HMNG Man8GlcNAc2 to 

Man5GlcNAc2, which could then be used to generate a core for Complex and 

Hybrid N-glycans (Figure 1. 18 a) (Maruyama et al., 1994, Herscovics, 2001). 

There are three types of such GH47s: IA, IB, IC, which are differentially expressed 

depending on the cell type and the tissue. Overall, proteins within this family 

operate via a single displacement inverting mechanism (Vallée et al., 2000). 

Binding of calcium ions stabilises glycosyl-enzyme intermediate and is critical for 

the activity of GH47 (Vallée et al., 2000).  
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1. 6. 2 Class II α-mannosidases: Glycoside Hydrolases 38 

GH38s are exo-acting mannosidases which usually modify Man5GlcNAc2, 

producing Man3GlcNAc2 core of N-glycans (Figure 1. 18 b). In humans, the 

autosomal recessive mutation in MAN2B1 producing a dysfunctional lysosomal 

GH38 results in a severe neurodegenerative disorder, α-mannosidosis (Cathey et 

al., 2019).  

GH38s of subgroup 2A are localised to the Golgi, where they display dual 

specificity towards α-1,6 and α-1,3-mannosidic bonds (Suits et al., 2010). Glogi 

GH38s define maturation of Hybrid and Complex N-glycans and display 

requirement for β-1,2 GlcNAc on the terminal core mannose moiety to produce a 

GlcNAcMan3GlcNAc2 (Figure 1. 18 b) (Van Den Elsen et al., 2001). Lysosomal 

mannosidases are split into two groups: 2B1 hydrolysing α-1,2, α-1,3, α-1,6-

mannosidic bonds, and 2B2, which exhibit strict specificity for α-1,6-linkages, 

activity of these mannosidases does not require recognition of GlcNAc residues in 

the N-glycan (Park et al., 2005). BT3774, characterised by Cuskin et al. (2015), is 

the only GH38, which displays specificity for highly branched manno-polymers, 

such as yeast mannan (Figure 1. 18 b). The CAZy database (Cazy.org) lists 6144 

ORF encoding for putative GH38s across Bacteria, Eukaryota, and Archaea, only 

44 of which have been assigned activity. GH38s operate through a double-

displacement mechanism with retention of the anomeric carbon configuration 

(Heikinheimo et al., 2003, Numao et al., 2003).  
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Figure 1.  18 Schematic representation of N-glycan degradation by enzymes from the GH47 and 

GH38 families. Cellular localisation and bonds targeted by the enzymes at the respective sites are 

indicated. 

1. 6. 3 Glycoside Hydrolases 92. 

GH92 are exo-acting α-mannosidases, displaying specificities for a wide range of 

substrates.  Zhu et al. (2010) characterised 22 out of 23 GH92s from Bt, 

demonstrating that they target α-1,2; α-1,3; α-1,4; and α-1,6-mannosidic bonds. 

While α-1,2; α-1,3; and α-1,6 mannosidic linkages are found in a variety of 

substrates such as high mannose, complex, or hybrid N-glycans and yeast 

mannan, α-1,4 mannosidic linkage is rare in nature. One study suggested that α-
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1,4-mannosides cap side chains of mannan from a soil yeast Gilmaniella spp 

(Chen et al., 2016). GH92s from Bt cooperate to depolymerise complex substrates 

such as yeast mannan (Figure 1. 19 a). Deconstruction of HMNG also requires 

sequential activity GH92s, where BT3990 removes terminal α-1,2 mannose 

moieties from Man9GlcNAc2, exposing α-1,3 an α-1,6 linkages to BT3991 and 

BT3994, respectively (Figure 1. 19 a). BT3994 is unable to hydrolyse α-1,6 bonds 

unless one of the GlcNAc moieties in the N-glycan core is present (Figure 1. 19 a) 

(Cuskin et al., 2015a, Zhu et al., 2010). GH92s exhibit inversion of the anomeric 

carbon via a single displacement mechanism, where the calcium ion interacts with 

the incoming water molecule and stabilises glycoside-enzyme transition state (Zhu 

et al., 2010) 

Transcriptional profiling showed that Bt expresses a range of GH92s in vivo in 

mice, even when the diet lacks yeast α-mannan, indicating that these are 

deployed to modify yhost N-glycans (Martens et al., 2008). In addition, low 

expression of a variety of GH92s is driven in vitro in the presence of galactose, 

lactose, or Human Milk Oligosaccharides (Marcobal et al., 2011). 

 

1. 6. 4 Glycoside Hydrolases 125 

GH125 is a recently identified family of exo-acting α-mannosidases, which were 

first characterised in Clostridium perfringens (CpGH125) and Streptococcus 

pneumoniae (SpGH125) (Gregg et al., 2011). These enzymes exhibit a strict 

specificity for linear α-1,6-linked manno-polymers, such as yeast mannan 

backbone (Figure 1. 19 b). This is driven by the specific pocket topology of the 

active site, which tightly encloses sugars from both reducing and non-reducing 

ends (Gregg et al., 2011). GH125s operate via an inverting mechanism and, 
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unlike in other mannosidases, catalytic mechanism of GH125s does not require a 

metal cation to stabilise glycosyl-enzyme intermediate (Alonso-Gil et al., 2017). 

Phylogenetic analysis of GH125 showed that the catalytic residues are highly 

conserved in other proteins from this family, which are separated into three 

clusters split between Bacteroidetes, Firmicutes, and Fungi (Gregg et al., 2011).  

 

1. 6. 5 Endo-acting α-mannanases 

1. 6. 5. 1 Glycoside Hydrolases 99 

Mammalian GH99s are mostly present in the Golgi, where they mediate 

maturation of N-glycans. In mammals, N-glycosylation is initiated with 

Glc3Man9GlcNAc pre-cursor, which is conventionally trimmed by glucosidases in 

the ER to generate Man9GlcNAc2 Figure 1. 19 c) (Roth et al., 2003). Inhibition of 

this pathway directs glycans to the alternative mechanism of maturation, where a 

Golgi GH99 acts as an endo-α-1,2-mannanase and deglycosylates Glc1-

3Man9GlcNAc2 precursor into Man9GlcNAc2, releasing Glc-α-1,3-Man disaccharide 

or Glc2-3Man oligosaccharides (Roth et al., 2003, Spiro et al., 1997). Bacterial 

GH99s have only been characterised in Shewanella amazonensis, B. 

thetaiotaomicron, and B. xylanisolvens (Matsuda et al., 2011, Thompson et al., 

2012). Unlike other characterised GH99s, Bacteroides enzymes preferentially 

release α-1,3-mannobiose from hypermannose N-glycans such as yeast mannan 

(Figure 1. 19 c) (Thompson et al., 2012). Investigations into the crystal structure of 

these enzymes suggested that they operate via substrate-assisted catalysis with 

retaining of anomeric configuration and do not require a metal cation for hydrolysis 

(Thompson et al., 2012). 
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1. 6. 5. 2 Glycoside Hydrolases 76 

Characterised proteins from the GH76 family comprise endo-acting mannanases, 

which process long linear α-1,6-linked mannose polymers found in the backbone 

of fungal mannan into smaller manno-oligosaccharides (Figure 1. 19 d). Enzymes 

from this family are mainly of fungal or bacterial origins. Endo-processivity of these 

enzymes is conferred by the curved cleft-shaped active site, allowing for the 

incorporation of long oligosaccharides between 3 and 8 sugars (Nakajima et al., 

1976, Cuskin et al., 2015b). GH76s operate through a double displacement 

retaining mechanism, and do not require metals to stabilise the S2,5 transition state 

(Nakajima et al., 1976, Cuskin et al., 2015b, Thompson et al., 2015). GH76s 

usually act on linear substrates after removal of α-1,2; α-1,3 side chains by 

GH92s. Recently, a GH76 from a Bt strain isolated from cattle has been shown to 

hydrolyse branched mannooligosaccharides (Jones et al., 2020). Investigation into 

the structure of this enzyme revealed that the cleft-shape of the active site 

expands to accommodate sidechain sugars, decorating -1 and +2 subsites, 

suggesting that it is capable of hydrolysing α-1,6-linked manno-polymers 

containing α-1,2-linked branchpoints (Jones et al., 2020). 
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Figure 1.  19 Schematic representation of enzyme specificities from the GH92 (a), GH125 (b), and 

GH99 (c) and GH76 (d) families. Bonds targeted by each family are indicated with arrows.  
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1. 6. 6 β-mannosidases 

β-1,4 mannosidic linkages compose a diversity of substrates, such as plant 

galacto- and gluco-mannans as well as the core of mammalian N-glycan (Figure 

1. 11), while β-1,2-linked mannan is rare in nature and is only found in Candida 

and Leishmania species. Candida species decorate their cell walls with β-1,2-

mannosyl caps, which serve as epitopes for immune recognition (Mora-Montes et 

al., 2009). In contrast, Leishmania species accumulate β-1,2 mannooligomers of 

4-10 units long intracellularly and deplete them in nutrient scarce conditions. 

These also allow to resist oxidative stress inside macrophages and are associated 

with virulent states (Ralton et al., 2003). Metabolism of these β-1,2 manno-

oligomers is orchestrated by the enzymes from the Glycosyltransferase GT 108 

family, which display a dual β-1,2-mannoside-phosphorylase and 

mannosyltransferase activity (Sernee et al., 2019). These enzymes will not be 

discussed further in this thesis.   

Catabolism of β-1,2-mannosidic bonds found in C. albicans is performed by the 

enzymes from the Glycoside Hydrolase 130 family (Cuskin et al., 2015a). This 

family is mostly composed of β-mannoside-phosphorylases but Cuskin and 

colleagues have shown that some enzymes in this family display hydrolase activity 

(Cuskin et al., 2015a). Mannoside-phosphorylases cleave glycosidic bonds using 

inorganic phosphate as a nucleophile, producing sugar-1-phosphate as a result 

(Figure 1. 20). These enzymes are also capable of reverse phosphorolysis, where 

sugar-1-phosphate can be utilised as both a donor substrate and a carbohydrate 

acceptor (Chiku et al., 2014, O'neill and Field, 2015).  Phosphorylases are divided 

into 4 groups based on linkage specificity: 1) Glc-β1,4-Man; 2) Man-β1,4-Man; 3) 

Man-β1,4-GlcNAc; 4) Man- β1,2-Man (Chiku et al., 2014). The phosphorylase 
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activity of these enzymes is dictated by the tree basic amino acid residues 

(Arginines) and, in contrast, glycoside hydrolases were found to lack these 

residues and their activity is determined by the two Glutamate residues (Cuskin et 

al., 2015a, Ladevèze et al., 2013). BT3780 from MAN-PUL2 was characterised to 

possess such glycoside hydrolase activity as well as a critical Lysine residue 

(Lys199 in BT3780) positioned in the active site, which determined its β-1,2 

mannosidic activity against β-mannan from C. albicans cell wall (Cuskin et al., 

2015a, Chiku et al., 2014).  This enzyme was suggested to expose C. albicans α-

mannan for further depolymerisation by the enzymes in MAN-PUL1/2/3. Analysis 

of human faecal metagenomes showed that the abundance of GH130s from 

bacterial origin could be associated with Inflammatory Bowel Diseases (IBD), 

implicating the role of gut microbiota in fine-tunning inflammatory states (Ladevèze 

et al., 2013).

 

Figure 1.  20 Difference between Glycoside Hydrolases, Glycoside Phosphorylases, and Glycosyl 

Transferases. Glycoside phosphorylases use phosphate to produce sugar-1-phosphate, whereas 

use water as a nucleophile. NDP stands for nucleotide diphosphate, figure adapted from (O'neill 

and Field, 2015) 
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1. 7 Objectives  

The interactions between fungal and bacterial members of the gut microbiota are 

still understudied. This project aimed to investigate how bacterial degradation of 

fungal glycans may play a role in these inter-species interactions. This was 

pursued through two main aims:  

 

1. How does B. thetaiotaomicron degrade mannan from C. albicans? Previous 

work has dissected the mechanism of how Bt breaks down S. cerevisiae 

mannan and identified an enzyme able to hydrolyse the β-1,2-mannosidic 

linkages which distinguish C. albicans mannan from S. cerevisiae. It is not 

known, however, if other enzymes outside the previously characterised 

MAN-PULs contribute to the degradation of C. albicans mannan by Bt.  

 

2. Is the ‘selfish’ route the only mechanism by which fungal α-mannan can be 

degraded? In addition to being a source of nutrients for Bacteroides 

species such as Bt, the immunogenic nature of fungal cell wall glycans 

means that the release of breakdown fragments may have implications for 

host health. As discussed above, networks of glycan degradation have 

been identified for many other complex carbohydrates such as xylans and 

fructans. However, it still remains unknown whether fungal mannan is 

utilised solely in a ‘selfish’ manner or whether it can be shared between gut 

Bacteroides other than Bt.  
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Chapter 2: Materials and Methods 

2. 1 Bacterial strains and Plasmids  

Escherichia coli and Bacteroides spp. strains as well as B. thetaiotaomicron 

mutants used in this study are listed in Table 2.  1. Plasmids routinely used in this 

study are listed in Table 2. 2. Plasmids used to introduce mutations into Bt are 

also listed in Table 2.  2. 

Name Genotype Description Reference 

TunerTM(DE3) 
F– ompT hsdSB (rB– 
mB–) gal dcm lacY1 

(DE3) 
Protein expression Novagen 

One Shot™TOP10 

F- mcrA Δ(mrr-
hsdRMS-mcrBC) 

ɸ80lacZΔM15 
ΔlacX74 recA1 
araD139 Δ(ara, 

leu)7697 galU galK 
rpsL (STRR) endA1 

nupG λ- 

DNA ligation and 
replication 

Invitrogen 

CC118 λ-pir 

Δ(ara-leu) araD 
ΔlacX74 galE galK 
phoA20 thi-1 rpsE 
rpoB argE (Am) 

recA1 λpir 

pExchange plasmid 
propagation and 

cloning 

Herrero et al. 
(1990) 

S17.1 λ-pir 
recA pro hsdR RP4-
2 (Tc::Mu;Km::Tn7) 

( λ pir) 

Conjugations of 
pExchange 

plasmid, used for 
gene deletions 

Skorupski and 
Taylor (1996) 

B. thetaiotaomicron 
(Bt) VPI-5482 

Type strain, human 
isolate 

Martens lab, Centre 
for Microbial 

systems, University 
of Michigan 

B. thetaiotaomicron 
Δtdk VPI-5482 - Δtdk 

Bt without a 
functional thymidine 

kinase 

B. salyersiae 
DSM 18765/WAL 

10018, 
Type strain, human 

isolate 
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Name Genotype Description Reference 

B. caccae ATCC 43185 Type strain, human 
isolate 

B. cellulosilyticus DSM 14838 Type strain, human 
isolate 

B. cellulosilyticus WH2 Human isolate 

B. eggerthii DSM 20697 Type strain, human 
isolate 

B. finegoldii DSM 17565 Type strain, human 
isolate 

B. finegoldii CL09T03C10 

Possesses Type 6 
secretion system 
(T6SS), human 

isolate 

B. fragilis ATCC 25285 Type strain, human 
isolate 

B. intestinalis DSM 17393 
Type strain, human 

isolate 

B. ovatus ATCC 8483 
Type strain, human 

isolate 

B. ovatus CL02T12C04 Possesses T6SS, 
human isolate 

B. stercoris ATCC 43183 Type strain, human 
isolate 

B. uniformis ATCC 8492 
Type strain, human 

isolate 

B. vulgatus ATCC 8482 
Type strain, human 

isolate 

B. xylanisolvens DSM 18836 Type strain, human 
isolate 

B. xylanisolvens NLAE-zl-p352 Porcine isolate 

B. clarus DSM 22519 
Type strain, human 

isolate 

B. dorei DSM 17855 Type strain, human 
isolate 

B. fluxus DSM 22534 Type strain, human 
isolate 
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Name Genotype Description Reference 

B. plebius DSM 17135 Type strain, human 
isolate 

Bt Δbt3780 Δbt3780 
Bt with a deletion of 

bt3780 

Available in Lowe 
Lab, Newcastle 

University 

Bt Δpul2 Δbt3773-bt3792 
Bt with a deletion of 

bt3773-bt3792 
operon 

Cuskin et al. 
(2015b) 

Bt Δpul3 Δbt3853-3862 
Bt with a deletion of 

bt3853-bt3862 
operon 

Bt Δpul1/2/3 

Δbt2620-
bt2632+Δbt3773-
bt3792+Δbt3853-

bt3862 

Bt with a deletion of 
bt2620-32, bt3773-
92, and bt3853-62 

operons 

Bt Δbt4094 Δbt4094 Bt with a deletion of 
bt4094 

Generated in this 

study 

Bt 
Δbt3780+Δbt4094 Δbt3780+Δbt4094 

Bt with a deletion of 
bt4094 and bt3780 

Bt 
Δpul1/2/3+Δbt4094 

Δbt2620-
32+Δbt3773-
92+Δbt3853-
62+Δbt4094 

Bt with a deletion of 
bt2620-32, bt3773-
92, and bt3853-62 

operons and 
bt4094 

Bt Δpul4 Δbt4072-96 
Bt with a deletion of 

bt4072-bt4096 
operon 

Bt Δpul1/2/3/4 

Δbt2620-
bt2632+Δbt3773-
bt3792+Δbt3853-

bt3862+Δbt4072-96 

Bt with a deletion of 
bt2620-32, bt3773-

92, bt3853-62, 
bt4072-96 operons 

C. albicans  SC5314 Wild type 

Quinn Lab, 

Biosciences 

Institute, Newcastle 

University  

S. cerevisiae  Δmnn1 
S. cerevisiae strain 

lacking MNN1, 
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Name Genotype Description Reference 

produces truncated 
mannan 

Provided by Dr 

Peter Banks, Bio 

Screening facility, 

Newcastle 

University. 

S. cerevisiae Δmnn5 

S. cerevisiae strain 
with low MNN2 

expression, 
produces truncated 

mannan 

S. cerevisiae Δmnn2 
S. cerevisiae strain 
which lacks MNN2, 
truncated mannan 

Table 2.  1 Bacterial strains and mutants used in this study. Genotypes and the origin of the strains 

are indicated.  

Plasmid Features Reference 

pET28a-b Kanr, T7 promoter, lac, 
lacIq, integrated His-tag Novagen 

pExchange-tdk Blar , Ermr, tdk (BT227), 
suicide vector Koropatkin et al. (2008) 

pExchange-tdk-
bt4094KO 

pExchange-tdk, carrying 
bt4094 deletion cassette  

Generated in this study  
pExchange-tdk-pul4KO 

pExchange-tdk, carrying 
a deletion cassette for 

bt4072-96 
Table 2.  2 Vectors used in this study.  

2. 2 Bacterial and Yeast Growth and Storage Conditions  

2. 2. 1 Selective Media   

Bacterial and yeast cultures were cultured in media listed in Table 2.  3. Defined 

medium was used to culture Bacteroides species other than B. thetaiotaomicron 

(Appendix A). 

A range of antibiotics were used for the selection of desired transformants or 

appropriate bacterial species, which are listed in table Table 2.  4. 
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Media Component Amount per 
litre Details 

Luria Broth 
(LB) 

LB powder (Sigma-Aldrich) 

25 g 

Dissolved in MilliQ 
water, pH adjusted 
to 7.2 with NaOH, 

Autoclaved 

 NaCl 10 g l-1 

Tryptone 10 g l-1 

Yeast extract 5 g l-1 

Tryptone 
Yeast 
Extract 

Glucose 
(TYG) 

Tryptone Peptone 10 g 

Prepared in MilliQ 
water, autoclaved 

before use and 
supplemented with 
0.1% (v/v) Hematin-

Histidine 

 Yeast Extract 5 g 

Glucose 2 g 

Cysteine (Free base) 0.5 g 

1 M KPO4 pH 7.2 100 ml 

Vitamin K solution, 1 mg ml-1 1 ml 

TYG salts (MgSO4 0.5 g l-1, 
NaHCO3 10 g l-1, NaCl 2 g l-1) 40 ml 

0.8% CaCl2 1 ml 

FeSO4, 0.4 mg ml-1 1 ml 

Resazurin, 0.25 mg ml-1 4ml 

Minimal 
Medium 

(MM) 

NH4SO4 1 g 

Prepared in MilliQ 
water, autoclaved, 
supplemented with 
0.1% (v/v) Hematin-

Histidine 

Na2CO3 1 g 

Cysteine (Free base) 0.5 g 

1 M KPO4 pH 7.2 100 ml 

Vitamin K solution, 1 mg ml-1 1 ml 

FeSO4, 0.4 mg ml-1 10 ml 
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Media Component Amount per 
litre Details 

Vitamin B12, 0.01 mg ml-1 0.5 ml 

Mineral Salts for defined 
medium (NaCl 18 g l-1,CaCl2 

0.53 g l-1, MgCl2 0.4 g l-1, 
MnCl2 0.2 g l-1, CoCl2 0.2 g l-

1) 

50 ml 

Resazurin, 0.25 mg ml-1 4ml 

Brain-Heart 
Infusion 

(BHI) 
BHI powder (Sigma-Aldrich) 37.5 g 

Prepared in MilliQ 
water, 

supplemented with 
0.1% (v/v) Hematin-

Histidine  

Hematin-
Histidine  

1.9 mM Hematin in 0.2 M 
Histidine  

Adjust pH to 8 with 10 M NaOH, 
dissolve with shaking overnight at 

37°C 
Yeast extract 

Peptone 
Tryptone 
Dextrose 

(YPD) 
medium 

YPD powder (Sigma-Aldrich) 50 g 
Dissolved in MilliQ 

water and 
autoclaved 

Table 2.  3 Media routinely used throughout this study. 

Antibiotic Working concentration 
(μg ml-1) Storage Application  

Ampicillin 100 -20 °C pExchange-tdk 

Kanamycin 10 -20 °C pET28a-b 

Gentamycin 200 
Prepared 

when 
necessary 

pExchange-tdk 

Erythromycin 25 
Prepared 

when 
necessary 

pExchange-tdk 

5-fluoro-2'-
deoxyuridine 

(FUdR) 
200 

Prepared 
when 

necessary 
Conjugations 

Table 2.  4 Selective antibiotics used. Working concentrations are indicated.  
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2. 2. 2 Sterilisation  

All solutions, media, and glassware were sterilised by autoclaving using an Astell 

Hearson 2000 Series Autoclave or a Prestige© Medical Series 2100 Clinical 

Autoclave at 121oC, 32 or 15 lb / inch-2 for 20 min.  

Solutions were also filter sterilised using sterile Millipore filter disc (0.22 μm pore 

size) (Supor® Acrodisc® 3.2) and a suitable sterile syringe (Plastipak®, Becton 

Dickinson). 

2. 2. 3 E. coli growth conditions 

E. coli strains listed in Table 2.  1 were grown in LB Medium (Table 2. 3) with 

agitation at 150-180 rpm. For growth on solid medium 2% (w/v) Bacteriological 

agar (Sigma, UK) was added to the medium prior to autoclaving. Plates were 

prepared with 25 ml of molten LB-Agar and sterile plastic Petri dishes 

(ThermoFisher, UK). Relevant antibiotic was added as indicated in Table 2. 4.  

2. 2. 4 Bacteroides spp. growth conditions 

Bacteroides spp. listed in Table 2. 1 were routinely grown in Tryptone-Yeast 

extract-Glucose (TYG) (Table 2. 3) medium at 37 °C under anaerobic conditions 

using an A35 anaerobic cabinet (Don Whitley Scientific, UK).  

For all experiments in Chapter 3 B. thetaiotaomicron was grown in Minimal Media 

containing 10 mg ml-1 carbon source. In Chapter 4 and 5, B. salyersiae and other 

Bacteroides spp. were grown in Defined medium (Appendix A) supplemented with 

10 mg ml-1 substrate, unless specified otherwise.  

For growth on solid medium 2% (w/v) Bacteriological agar (Sigma) was added to 

TYG or Brain Heart Infusion media (Table 2.  3) prior to autoclaving. Plates were 
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prepared with 25 ml of molten Media-Agar and sterile plastic Petri dishes 

(ThermoFisher, UK).  

2. 2. 5 Yeast growth conditions 

C. albicans or S. cerevisiae were routinely grown in Yeast extract-tryptone 

Peptone-Dextrose (YPD) at 30 °C with shaking at 150-180 rpm. For growth on 

solid medium, 2% (w/v) Bacteriological agar (Sigma) was added to YPD prior to 

autoclaving, 25 ml was poured into sterile Petri dished (ThermoFisher). 

2. 2. 6 Storage  

Stocks of all bacterial and yeast strains were stored in 25% (v/v) glycerol at -80 °C 

in cryovials. Bacterial DNA and plasmids were stored in Elution Buffer (10 mM 

Tris-Cl 0.1 mM EDTA) (QIAGEN) at -20 °C in Eppendorf tubes.  

 

2. 3 Molecular Biology 

2. 3. 1 Centrifugation 

Bacterial cultures 100-1000 ml were centrifuged at 5,000 rpm in 500 ml centrifuge 

tubes (Nalgene) for 10 minutes using a Beckman J2-21 centrifuge with a JA-10 

rotor at 4 °C. Yeast cultures 100-1000ml were centrifuged in the same conditions 

but at 3,000 rpm. Bacterial cultures of 50 ml were centrifuged at 15,000 rpm for 30 

minutes in 50 ml centrifuge tubes (Nalgene) using a Beckman J2-21 centrifuge 

with a JA-25.5 rotor at 4 °C.  

Cultures of 2-50 ml were harvested by centrifugation at 5,000 rpm in 25 ml 

universal tubes (Sterilin) using Hettich Mikro 220R benchtop centrifuge with fixed 
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angle rotor at 4 °C. Reactions < 2 ml were centrifuged in Eppendorf tubes (2 or 

1.5 ml) at 13,000 rpm using a Heraeus Instruments Biofuge pico benchtop 

centrifuge.  

For buffer displacement, ultrafiltration, and concentration of protein solutions were 

centrifuged in Harrier 18/80R centrifuge with swing out rotor at 4,000 rpm at 4 oC. 

The centrifugation time was dependent of the sample. 

2. 3. 2 Transformation of chemical competent E. coli 

Competent E. coli were prepared by Carl Morland and stored in 100 µl aliquots at -

80 °C. Competent E. coli strains are listed in Table 2.  1 

An aliquot was thawed on ice, mixed with 2 µl of plasmid DNA, and incubated on 

ice for 20-30 minutes. Cells were then heat-shocked at 42 °C for 2 minutes and 

returned on ice. For plasmid propagation or protein expression, cells were plated 

out on solid LB-Agar medium, containing appropriate antibiotic.  

Transformation of ligation mixtures required a recovery step prior to plating on 

solid medium. Heat shocked cells were mixed with 500-1000 µl of LB and 

incubated 37 °C with agitation at 180 rpm for 1 h. Cells were then harvested by 

centrifugation at 5000 rpm, pellet was resuspended in 100 μl of sterile LB, and 

plated out on LB-Agar, containing appropriate antibiotic. Plates were incubated 

inverted at 37 °C for 16 h. 

2. 3. 3 Propagation of plasmids 

Transformed E. coli Top 10 for pET28a-b vectors and CC118 for pExchange-tdk 

were cultured from a single colony in 5 ml LB with appropriate antibiotic with 
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shaking at 150-180 rpm at 37 °C for 16 h. The pellet was collected by 

centrifugation at 5,000 rpm.  

2. 3. 4 DNA isolation 

Plasmid DNA was purified with QIAspin Prep Kit (QIAGEN) as per manufacturers 

instructions. Genomic DNA from Bacteroides spp. was extracted from 1-2 ml of 

culture using Sigma GenEluteTM Bacterial Genomic DNA Kit (Sigma) as per 

manufacturer’s instructions 

2. 3. 5 Quantification of DNA 

DNA concentration was determined with NanoDrop 2000 UV-Vis 

spectrophotometer (Thermo Fisher Scientific) by measuring the absorbance at 

260 nm, using EB buffer (QIAGEN) or Elution buffer (Sigma) as blanks. 2 μl 

aliquots were used to determine DNA concentration.   

In multi-species co-culture experiments, genomic DNA concentration was 

measured from 1 μl samples with Qubit 4 Fluorometer (ThermoFisher) and 1X 

dsDNA High Sensitivity Assay Kit (ThermoFisher) as per manufacturers 

instructions, using the standard curve provided in the kit.  

2. 3. 6 Polymerase Chain Reaction (PCR) 

The polymerase chain reaction (PCR) developed by Mullis and Faloona (1987) 

was used to amplify target DNA fragments and construct deletion cassettes for 

genetic knockouts. The technique requires a thermostable DNA polymerase, a 

DNA template, two oligonucleotide primers that are complementary to each strand 

of the target DNA fragment, and dNTPs. Dimethyl Sulfoxide (DMSO) (Sigma) were 
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added to increase primer binding to the DNA template. The reactions were 

performed using a PHC-3 thermocylcer (Biorad, USA). 

Primers of 20-25 bases were designed to flank the sides of a desired gene. The 

G/C content of each primer was maintained at approximately 40 % and where 

possible G/C flanked the ends of each primer to increase annealing and 

amplification efficiency. Where necessary restriction sites were included in the 5’ 

end of each primer, preceded with a 6-base overhang to allow restriction enzymes 

to cut the fragment. Primers were manufactured by MWG-Biotech (Germany) and 

lyophilised. Primers were resuspended in sterile water to obtain 100 pmol μl-1. 

PCR reactions were performed with Kod Hot Start DNA Polymerase Kit (Merck, 

UK) in 0.2/0.5 ml Eppendorf tubes. Ingredients are listed in Table 2.  5 and the 

standard thermocycler program is summarised in Table 2.  6. Negative controls, 

lacking a DNA template, were also included.  

Component Volume 
KOD Hot start DNA polymerase 1 μl 

10 × Buffer for KOD DNA Polymerase 5 μl 
MgCl2 (25 mM) 3 μl 

dNTPs (2 mM each) 5 μl 
Oligonucleotide primer forward (5 μM) 5 μl 
Oligonucleotide primer reverse (5 μM) 5 μl 

DMSO (100 %) 2 μl 
DNA template 1 μl ( ~ 100 ng) 

PCR Grade Water Up to 50 μl 
Table 2.  5 Standard PCR reaction. Hot start DNA polymerase, 10X Buffer, dNTPs, and MgCl2 

were provided in the Hit start DNA polymerase kit (Merck, UK) 
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Temperature Time Number of 
cycles Description 

95 °C 1 min 1 Initial denaturation 

95 °C 1 min 

36 

Denaturation 

50-55 °C 30 sec Annealing 

68 °C 1 min per kb fragment 
size Elongation 

68 °C 10 min 1 Final Elongation 

4 °C ∞  Storage 

Table 2.  6 Standard PCR thermocycler program.  

2. 3. 7 Agarose gel electrophoresis  

Sizes of linear DNA fragments can be determined with gel electrophoresis through 

submerged horizontal gels (Brody and Kern, 2004). Agarose gels were prepared 

by dissolving 0.4-0.5 g (0.8-1% w/v) of agarose in 40 ml of 1X TBE buffer (89 mM 

Tris-borate and 2 mM EDTA, pH 8.3). The suspension was boiled to dissolve 

agarose, cooled, and 0.5 μg ml-1 of ethidium bromide was added to allow for 

visualisation of DNA under UV light. Gels were poured in mini-gel trays and 

complete with a comb to create wells (Applied Biosystems). Set gels were 

submerged in TBE buffer and the samples were loaded and run at 30-70 Volts for 

1 hour using Bromma 2197 Power Pack (Biorad, USA). Samples were mixed 10:1 

with 10X loading buffer (0.25 % bromophenol blue, 50 % v/v glycerol, 10X TBE) to 

sink into the wells. 5μl of DNA HyperladderTM I (Bioline) was run alongside to 

determine DNA sizes. All reagents are listed in Table 2.  7. 
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 The size of linear DNA fragments was determined by comparison to the 

standards of a known length in the DNA ladder based on their electrophoretic 

motility. Migration rate through the agarose gel is inversely proportional to the 

Log10 of the size of the oligonucleotide fragments.  

Gels were visualised with Gel Doc 1000 (Bio-Rad, USA) and Molecular 

AnalystTM/PC windows Software. Photographs were printed with a Video Copy 

Processor P68B (Mitsubishi) on thermal paper (Mitsubishi).  

Buffer Composition Amount 

10X TBE (pH 8.3) 

Tris-base 108 g l-1 

Boric acid 55 g l-1 

0.5 M EDTA pH 8.0 40 ml 

DNA loading buffer 

Bromophenol Blue 0.25% 

Glycerol 50% 

TBE 10X 

Table 2.  7 Buffers used for agarose gel electrophoresis.  

2. 3. 8 Purification of DNA fragments  

2. 3. 8. 1 Purification of PCR products 

PCR products were purified with QIAquick PCR purification Kit (QIAGEN) as per 

manufacturer’s instructions. 

2. 3. 8. 2 DNA gel extraction 

For molecular cloning, linearised DNA fragments, such as endonuclease digested 

vector or insert, were resolved by gel electrophoresis on 0.8% (w/v) high purity 

Seachem GoldTM Agarose prepared in 1X TBE buffer (Table 2.  7). Bands of 
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appropriate size were excised from the gel and extracted using Gel Extraction Kit 

(QIAGEN) as per manufacturer’s instructions.  

2. 3. 9 Molecular cloning  

2. 3. 9. 1 Digestion with Restriction Enzymes 

One μg of DNA was incubated with 1 unit of appropriate endonuclease in 1X or 2X 

of appropriate buffer. 20-50 μl reactions were incubated at 37 °C for 1 hour. 

Digested fragments were purified with QIAquick PCR purification Kit (QIAGEN) as 

per manufacturer’s instructions and analysed with gel electrophoresis.  

2. 3. 9. 2 Ligation of vector and insert DNA 

Digested fragments were ligated with Rapid DNA ligase kit (ThermoFisher). The 

ratio of insert to vector was calculated using NEBioCalculator 

(https://nebiocalculator.neb.com/#!/ligation), which uses the following formula: 	

𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑖𝑛𝑠𝑒𝑟𝑡	(𝑛𝑔) = 3
𝐼𝑛𝑠𝑒𝑟𝑡	𝑙𝑒𝑛𝑔𝑡ℎ	(𝑏𝑝)
𝑉𝑒𝑐𝑡𝑜𝑟	𝑙𝑒𝑛𝑔𝑡ℎ	(𝑏𝑝); 	× 𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	(𝑛𝑔) 

 

20 μl reactions were prepared in with 1 unit of Rapid ligase and 1X Ligation Buffer, 

where the molar ratio of insert:vector was routinely taken at 3:1 but could be 

adjusted depending on the insert size. Ligations were incubated at room 

temperature for 1 hour, then 5 μl was transformed into Top10 or CC118 

chemically competent E. coli (Section 2.3.2). 

 

2. 3. 10 Automated DNA sequencing  

Sequencing of DNA fragments was performed by MWG-Biotech (Germany) as a 

value read service. Each clone was sequenced in the forward and reverse 
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directions, using standard sequencing primers T7 

(TAATACGACTCACTATAGGG) and T7term (CTAGTTATTGCTCAGCGGT) for 

cloning into pET28a-b. Sequencing was performed with custom primers when 

cloning into pExchange. Total of 100 ng of DNA (10 μl) was required for a single 

reaction. Sequencing results were aligned and compared to the original gene in 

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 

2. 3. 11 Whole genome sequencing  

In chapter 3, Bt strains BtΔpul1/2/3; BtΔpul1/2/3+Δbt4094; and BtΔpul1/2/3/4 were 

sent off for whole genome sequencing to confirm genotypes. This was performed 

Illumina Sequencing by Microbes NG (University of Birmingham, UK) as a paid 

service. Contigs were aligned and compared to B. thetaiotaomicon VPI-5482 as a 

reference genome by the Bioinformatics Unit, Newcastle University to confirm that 

the appropriate genetic mutations were present.  

2. 3. 12 Overexpression of recombinant proteins 

Expression plasmids, carrying the sequence corresponding to the protein of 

interest, were transformed into TUNER E. coli (Section 2.3.2). These cells were 

then resuspended in 5 ml of LB broth and used to inoculate 1 l of LB broth in 

conical falsks, containing appropriate antibiotic. The culture was grown to OD600 of 

0.6 at 37 °C with shaking at 180 rpm. The cultures were then cooled and 1 ml of 

0.2 M of isopropylthio-β-D-galactoside (IPTG) was added and the cultures were 

incubated at 16 °C at 180 rpm for 16 h. Addition of IPTG induces protein 

expression controlled by lacO in laclq carrying plamids.  

Cells were harvested by centrifugation at 5,000 rpm for 10 minutes (Section 

2.3.1). Pellets from 1 l cultures were resuspended in 10 ml of TALON (50 mM Tris-
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HCl, 300 mM NaCl, pH8.0) buffer. If the protein was not purified immediately, 

pellets were stored at -20 °C.  

To produce cell free extracts, resuspended pellets were placed on ice and 

sonicated for 2 minutes using a B. Braun Labsonic U sonicator set at low intensity 

(~42 watts and 0.5 second cycling). Cells were pelleted by centrifugation at 15,000 

rpm for 30 minutes (Section 2.3.1). Cell lysate (supernatant) was collected and 

used for protein purification with Immobilised Metal Affinity Chromatography 

(IMAC). Cell debris were resuspended in TALON buffer and was analysed with 

SDS-PAGE alongside other IMAC fractions.  

2. 3. 13 Immobilised Metal Affinity Chromatography (IMAC) 

Pet28a-b vectors are designed to contain a hexa-Histidine tag, which interacts 

with transition metals immobilised in a column, to allow for purification of proteins 

with IMAC. This interaction can be displaced with an imidazole gradient to elute 

proteins from the column. The purification procedure was performed in TALON 

buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0). 

TALONTM (Clontech Laboratories Inc.) resin, containing cobalt ions, was pipetted 

into a column and left to settle, forming a 3 cm bed. Columns were equilibrated 

with 10 volumes of TALON buffer. Cell free extracts (5-20 ml) were poured 

through the column and the eluent was collected. Columns were washed with 20 

ml of TALON buffer to remove unbound proteins. The protein was eluted with 5 ml 

of 10 mM Imidazole in TALON buffer followed by 2 x 5 ml of 100 mM Imidazole in 

TALON buffer, three fractions were collected. All fractions were analysed with 

SDS-PAGE. 
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2. 3. 14 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Proteins were visualised by SDS-PAGE as described by Laemmli (1970) to 

assess the size, relative purity and expression level of a protein. 

Routinely, 12.5 % polyacrylamide gels, unless stated otherwise, were prepared 

using the AE-6450 apparatus from ATTO Corporation (Genetic Research 

Instruments), which is composed of 2 12 cm x 10 cm glass plates sealed by a 

rubber gasket. The composition of polyacrylamide gels and the SDS-PAGE 

running buffer is summarised in Table 2. 8 and 2. 9, respectively. The resolving 

gel (Table 2.  8) was poured into the plates and covered with 100% ethanol and 

left to polymerise. The ethanol was then removed and the stacking gel (Table 2.  

8) was then poured on top of the resolving gel, a comb was added to create wells, 

and the gel was left to polymerise. Before use, the comb and rubber seal were 

removed and the gel affixed within the gel tank, which was filled with SDS-PAGE 

running buffer (Table 2.  9).  

The loading buffer (Table 2.  9) was added to samples (1:2 v/v), 20 μl samples 

were boiled for 2 minutes to denature the proteins and loaded into the gel. 

Molecular weight standard SigmaMarkerTM wide range ladder (Sigma) was loaded 

alongside and used to assess protein size. Gels were run at a current of 35 A per 

gel. 

After electrophoresis, proteins were visualised with InstantBlueTM stain 

(Expedeon) for at least 15 minutes, the gels were destained in distilled water for 

16 hours. Gels were photographed using a Bio-Rad Gel Doc 1000, Molecular 

AnalystTM/PC windows Software). Photographs were printed with a Video Copy 

Processor P68B (Mitubishi) on thermal paper (Mitubishi). 
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Component Reagent Volume per gel 

Resolving gel 

0.75 M Tris-HCl, pH 8.8, 0.2 % SDS 2.35 ml 
40 % Acrylamide (BDH Electran acrylamide, 

3% (w/v) bisacrylamide) 1.45 ml 

d. d. H2O 0.875 ml 

10 % (w/v) Ammonium persulfate 22.5 μl 

TEMED 7.5 μl 

Stacking gel 

0.25 M Tris-HCl, pH 8.8, 0.2 % SDS 0.938 ml 
40 % Acrylamide (BDH Electran acrylamide, 

3% (w/v) bisacrylamide) 0.188 ml 

d. d. H2O 0.75 ml 

10 % (w/v) Ammonium persulfate 15 μl 

TEMED 5 μl 

Table 2.  8 SDS-PAGE gel preparation  

Component Reagent Volume or concentration 

Running Buffer 
(for 1 l) 

32 mM Tris/190 mM glycine, pH 8.3 350 ml 

SDS 0.1% (w/v) 

Loading buffer 
(for 10 ml) 

SDS 10 % (w/v) 

0.25 M Tris-HCl, pH 8.8 5 ml 

Glycerol 25 % (w/v) 

β-mercaptoethanol 2.5 ml 

Bromophenol blue dye 0.1 % (v/v) 

Table 2.  9 SDS-PAGE gel Running buffer 
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2. 3. 15 Quantification of proteins 

Protein concentration was determined using a NanoDrop 2000 UV-Vis 

spectrophotometer (Thermo Fisher, USA) and the Beer-Lambert’s equation: 

A=εlC, where A = absorbance 280 nm – absorbance at 320 nm; ε = extinction 

coefficient (M-1cm-1), I = length of light path (cm), and C = concentration of sample 

(M). 

2. 3. 16 Concentration of Proteins and Buffer Exchange 

Protein solutions were concentrated using 20 ml Vivaspin® concentrator columns 

(Sartorius Stedim Biotech) with appropriate 10, 30, or 100 kDa molecular weight 

cut off membranes 

When necessary PD-10 desalting columns (GE Healthcare) were utilised as per 

manufacturer’s instructions. The buffer exchange for larger volumes was 

performed with dialysis into 4 l of 50 mM HEPES 150 mM NaCl using 13.5 kDa cut 

off dialysis tubing with stirring at 4 °C for 16 hours.  

2. 3. 17 Genetic manipulations in B. thetaiotaomicron 

2. 3. 17. 1 Construction of a deletion cassette  

For each deletion, flanking regions of ~1KB upstream and downstream of a gene 

of interest were identified, and the appropriate primers of 20-25 bases were 

constructed (Figure 2. 1). Primers distal to the gene of interest (Primer 1 and 4) 

were designed to contain restriction sequences compatible with cloning sites in 

pExchange-tdk vector (Figure 2. 1 a). One of the proximal primers, located directly 

after the stop codon of the gene of interest, contained a sequence complementary 

to the 5’ end of the Flank 1 (Figure 2. 1 a). Each flanking region was amplified with 
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PCR (Section 2.3.5) and analysed with gel electrophoresis (Section 2.3.6). A 

sewing PCR was then performed using Primer 1 and Primer 2 (Figure 2. 1 b), 

producing a 2kB deletion cassette (Figure 2. 1 c). This was then ligated into 

pExchange-tdk using appropriate restriction sites (Section 2.3.8). The plasmid was 

then propagated in CC118 E. coli, presence of appropriate deletion cassettes in 

isolated clones was confirmed by sequencing using primers 1 and 4.  

 

Figure 2. 1 Sewing PCR to generate gene deletion fragments. Panel a: primer design. Primer 1 

and Primer 4 were designed to contain appropriate restriction sites. Primer 3 was designed to 

contain a region complementary to the 5’ end of flank 1. Two 1000 bp regions flanking the gene of 

interest, Flank 1 and 2, were amplified by PCR. Panel b: Flank 1 and Flank 2 were ligated with 

sewing PCR using Primer 1 and Primer 4. Panel c: 2 kb product of the sewing PCR used to 

introduce deletions.  
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2. 3. 17. 2 Conjugations into B. thetaiotaomicron  

The gene deletion procedure is an adaptation of the standard counter-selectable 

allelic exchange procedure employed in bacterial genetics, which was modified by 

E. Martens. The process involves a counter-selectable suicide vector, pExchange-

tdk, and B. thetaiotaomicron Δtdk strain, which lacks a functional thymidine kinase 

(Tdk-BT2275). This enzyme participates in the pyrimidine salvage pathway. Wild 

type Bt displays sensitivity to a toxic compound 5fluoro-2-deoxy-uridine (FUdR), 

which interferes with de novo synthesis of thymidine. B. thetaiotaomicron Δtdk is 

resistant to FudR and pExchange-tdk, carriers a copy of Bt2275 and its promoter. 

The deletion involves two recombination events (Figure 2. 2) 
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Figure 2. 2 Gene deletions in B. thetaiotaomicron, a: the process requires a donor strain, S17-λ E. 

coli, carrying a pExchange-tdk with a deletion cassette, and a recipient Bt Δtdk, encoding the 

target gene. Gene deletion involves two recombination events:  b: plasmid is integrated into the 

genome via homologous recombination and c; plasmid is expelled from the genome by the second 

recombination event.  

S17-λ E. coli (donor) and Bt Δtdk (recipient) were cultured overnight in 5 ml of LB 

broth with ampicillin, and TYG media, respectively. The donor and recipient strains 

were inoculated into fresh respective media and grown for further 3-4h at 37°C, 

static for Bt and shaking at 180 rpm for E. coli. The cells were pelleted by 

centrifugation at 5,000 rpm for 5 mins and resuspended in 0.5 ml of fresh TYG. 

Cells were then combined in equal amounts, spread out evenly on BHI pates 

without antibiotic, and incubated agar side down at 37 °C for at least 24 hours. 
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This allows for the conjugation to occur, where E. coli grows first, creating an 

anaerobic niche underneath for Bt to grow. Bacterial mass was then scraped from 

the plate and resuspended in 5 ml of TYG. The stock and 3 x 10-fold serial 

dilutions were then plated onto BHI-blood agar containing gentamycin (200 µg ml-

1) and erythromycin (25 µg ml-1) and grown anaerobically at 37°C for 2 days. 

Gentamycin kills E coli and erythromycin allows for the selection of the recipient  

Bt, carrying pExchange-tdk plasmid. 

Following this, 10 individual colonies were re-streaked onto BHI + erythromycin + 

gentamycin plates and grown for another 2 days anaerobically at 37°C. Each 

colony represents a single recombinant strain of Bt, containing a modified 

pExchange-tdk plasmid. 10 single colonies were picked and cultured in 5 ml of 

TYG media anaerobically at 37°C overnight. This step encourages the second 

recombination event to occur, which will expel pExchange plasmid from the 

genome. All 10 cultures were then pooled together in equal amounts. The stock 

and 2 of the 10-fold dilutions were plated on BHI, containing FUdR (200 µg ml-1). 

These were then incubated anaerobically at 37 °C for 3 days. This step selects for 

either recombinant mutants with a desired deletion or a genetically wild-type 

strain. Further 10 FUdR resistant colonies were re-streaked onto new BHI-blood 

FUdR plates and again grown for 2 days. 10 individual colonies were then picked 

and cultured in 5 ml of TYG anaerobically at 37 °C overnight. These were stored 

at -80 °C in 25% glycerol (Section 2.2.5) and genomic DNA was extracted as 

described in Section 2.3.7.1. 

The presence of appropriate deletions was assessed with PCR and the primers 

specific for the deletion cassette (Figure 2. 1). The wild-type strain was tested 

alongside, which would generate a PCR product, comprising of the target gene 
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(500-2000 bp) plus the length of both flanks (1000 bp each). Any successful 

knockouts will lack the target gene, producing a 2000 bp fragment. Genotypes 

were confirmed by automated sequencing (Section 2.3.8). 

2. 4 Biochemistry 

2. 4. 1 Thin Layer Chromatography (TLC) 

Thin layer chromatography is a solvent-based chromatography used to analyse 

glycans. Different molecules migrate at different rates through the solvent due to 

the differences in ionisation state, solubility and structure. Smaller and more 

hydrophobic compounds will migrate faster than larger complexes. 

A solution of 1-butanol/ acetic acid/ water at 2:1:1 (mobile phase or solvent) was 

used as a running buffer (Table 2.  10) in a glass chromatography tank (23 cm x 

23 cm x 7.5 cm), which was sealed tightly and left to equilibrate 1 hour prior to 

use. Silica-coated foil plates (Silica gel 60, 20cm x 20cm, Merck) were used as a 

stationary phase. The plates were cut to an appropriate size with a height of at 

least 10 cm and a line was drawn 1 cm from the bottom edge of the plate. 

Samples of 3-12 µl were loaded onto the plates 1 cm apart from each other along 

the appropriate known sugar standards. The plates were then put into the 

equilibrated tanks and left to run until the solvent front was 1cm away from the top 

of the plate. For better separation of sugars with similar sizes, plates were taken 

out, dried, and returned to the tank until the solvent was 1cm away until the top of 

the plate.  

To visualise sugars, plates were immersed into Orcinol stain (Table 2.  10). 

Acetylated sugars were visualised with Diphenylamine-aniline-phosphoric acid 

stain (Diphenylamine 1.7% w/v, Aniline 1.7%, Ethyl acetate 85% v/v, hydrochloric 
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Acid 2% v/v, Phosphoric acid 11% v/v). Plates were dried and developed by 

heating to 100°C.  

Component Reagent Volume per litre 

Running buffer 

1-Butanol 500 ml 

Glacial Acetic acid 250 ml 

H2O 250 ml 

Orcinol Stain 

Sulphuric acid 36 ml 

100% Ethanol 700 ml 

H2O 260 ml 

Orcinol monohydrate 10 g 

Table 2.  10  Composition of the TLC running buffer and Orcinol stain. 

2. 4. 2 High-Performance Anion Exchange Chromatography (HPAEC) 

Sugars were separated by High Performance Anion Exchange Chromatography 

with Pulsed Amperometric Detection (HPAEC-PAD). The fully automated system 

(ICS-3000 gradient pump, detector compartment, detector, auto sampler) had a 

loop size of 100 μl. Monosaccharides were separated with CarboPACTM PA-20 

anion exchange column (ThermoFisher) equipped with a CarboPacTM PA-20 

guard column, and eluted isocratically with 20mM NaOH. Oligosaccharides were 

separated with CarboPACTM PA-200 anion exchange column (ThermoFisher) 

equipped with a CarboPacTM PA-200 guard column and eluted with a Sodium 

Acetate gradient. 

The program settings were 0-10 minutes with 100 mM NaOH, 10-25 minutes 100 

mM NaOH with linear gradient of 0-33 mM Sodium Acetate, unless specified. This 

was followed by a wash with 500 mM Sodium Acetate and 500 mM NaOH for 

another 10 minutes. Data were collected using ChromeleonTM Chromatography 
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Management system V 6.8 (Dionex) via a ChromeleonTM Server (Dionex) and 

processed in Prism 9.0 (GraphPad). 

Samples were boiled for 10 mins, centrifuged 13,000 rpm for 10 mins, and diluted 

1:10 in distilled water in HPLC Vials. Peaks corresponding to different sugars were 

identified using appropriate standards. A glucose standard at 50 μM was routinely 

tested before and after sample analysis.  

2. 4. 3 Enzyme assays  

All enzyme assays were performed at standard conditions using 1-2 μM enzyme 

and 4-5 mg ml-1 substrate in 50 mM MOPS 2 mM CaCl2 at 37 °C for 16 h, unless 

stated otherwise.  

For catalytic activity assays, all reactions were pre-warmed to 37 °C and initiated 

by the addition of appropriately diluted enzyme. Data was processed in Prism 9.0 

(GraphPad) and the kinetic parameters (Km, kcat, Vmax) were determined with 

Michaelis-Menten non-linear regression, using appropriate enzyme 

concentrations. Vmax is a maximum rate of enzyme when substrate is in excess; 

Km is the concentration of substrate at which the reaction rate is half Vmax, kcat is 

the catalytic efficiency of the enzyme, showing a number of substrate molecules 

turned over by one enzyme molecule per unit of time. If it was not possible to 

determine these parameters from a non-linear regression, a simple linear 

regression was used instead, and kcat/Km were determined from the slope divided 

by the enzyme concentration. 
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2. 4. 4 D-Glucose/D-Fructose/D-Mannose detection kit 

Mannose release was monitored using a Mannose detection Kit (Megazyme, 

Portugal). This kit is based on a linked assay, where mannose is converted to 

mannose-6-phosphate, which is rapidly modified to glucose-6-phosphate to be 

oxidised by Glucose-6-phosphate dehydrogenase, resulting in reduction of 

NADP+ to NADPH (Figure 2. 3). Formation of NADPH is directly proportional to the 

amount of sugar released and can be continuously monitored 

spectrophotometrically at 340 nm. Extinction coefficient of NADPH ε = 6230 M-1 

cm-1 was used to determine concentration of mannose using Beer-Lambert’s law 

A=εlC, where A = at 340 nm; ε = 6230 M-1 cm-1, I = length of light path (1 cm), and 

C = concentration of sample (M). 

 

Figure 2. 3 Linker enzymes deployed by Mannose detection kit to monitor mannose release. 

Enzymes catalysing appropriate reactions are indicated.  

Reactions were performed in glass cuvettes to monitor NADH release using a 

Biotech Ultrospec 4000, UV/vis spectrophotometer at 37 °C.  

All reactions were carried out at 37 °C in the specified buffer. Glass cuvettes were 

used and NADPH release monitored using a Biotech Ultrospec 4000, UV/vis 
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spectrophotometer. Assays were prepared according to manufacturer’s 

instructions; components of an assay are listed in Table 2.  11. 

Component Volume 

Buffer 1 or 50 mM MOPS 2mM CaCl2 50 μl 

NADP+ + ATP 50 μl 

Hexokinase + Glucose-6-Phosphate 
Dehydrogenase 5 μl 

Phosphoglucose Isomerase 5 μl 

Phosphomannose Isomerase 5 μl 

Substrate Variable 

Enzyme (appropriately diluted) Variable 

Sterile Water Up to 500 μl 
Table 2.  11 Composition of a standard reaction for a linked assay.  

Buffer 1, enzymes, and NADP+ were provided in the Mannose detection kit 

(Megazyme).  

2. 4. 5 Preparation of substrates and oligosaccharides 

2. 4. 5. 1 Extraction of mannans  

The method of mannan purification was adapted from Kocourek and Ballou (1969) 

1 ml of overnight culture of C. albicans SC5315 or S. cerevisiae Δmnn1; Δmnn5; 

Δmnn2 strains was inoculated into 1 l of YPD medium and grown for up to 2 days 

with shaking at 180 rpm at 30 °C. Cells were harvested by centrifugation at 3000 

rpm for 10 min (Section 2.3.1). Approximately, 8 l of yeast culture produced 100 g 

of pellet. If not used immediately for mannan extraction, pellet was stored at -20 

°C. 
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100 g of pellet was resuspended in 50 ml of 0.02 M Citrate Buffer pH 7.0 (Table 2.  

12) and autoclaved for 90 mins (Section 2.2.2). The mixture was centrifuged at 

5000 rpm for 10 min and the supernatant was collected. The pellet was again 

resuspended in 75 ml of 0.02 M Citrate buffer pH 7.0 and autoclaved for 90 

minutes. The supernatant was again harvested by centrifugation at 5,000 rpm for 

10 minutes and combined with the previous extract. The supernatant extract 

contains polysaccharides which were released from the cell wall during 

autoclaving. If not used immediately for mannan precipitation, supernatant can be 

stored at 4 °C overnight.  

2X Fehling reagent stock was prepared as described in Table 2.  12. A volume of 

Fehling reagent, equal to that of the supernatant extract, was heated to 40 °C and 

the supernatant was carefully added with vigorous stirring, resulting in a formation 

of a light-blue precipitate. The mixture was left stirring at 40 °C for 1 hour. The 

resulting polysaccharide-copper precipitate was collected by centrifugation at 

5000 rpm for 10 minutes. The supernatant was disposed of according to the 

University protocol for the management of hazardous waste. The pellet was 

dissolved in 8 ml of 3 M HCl to disrupt the copper complexes, producing a light 

green solution. This was then poured slowly with vigorous stirring into 100 ml of 

methanol acetic acid solution (8:1 v/v) and left stirring for up to 1 hour, causing 

mannan to precipitate. Mannan was collected by centrifugation at 10,000 rpm for 

10 min (Section 2.3.1) and the pellet was washed at least three times with 

methanol acetic acid solution (8:1 v/v) or until the supernatant was colourless to 

wash off residual copper. The white precipitate was then washed with methanol 

and left to dry overnight at room temperature for 16 h. Dried pellet was 

resuspended in distilled water and dialysed into 4 l of distilled water using 13.5 
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kDa dialysis tubing with stirring at room temperature for 16 h, water was then 

changed and mannan was dialysed for one more day. The solution was freeze 

dried and stored at room temperature in powder form. The yield was dependent of 

the strain and the species, 100 g of yeast pellet generated approximately 0.5 g of 

mannan, 

Reagent  Components Amount per 
litre 

Preparation 
Procedure  

2X Fehling 
Reagent 

CuSO4 70 g (7%) 

Gradually dissolve all 
ingredients in distilled 

water with stirring 

Potassium Sodium 
Tartrate 

(Rochelle’s salt) 
350 g (35%) 

NaOH 50 g (5%) 

0.02M Citrate 
Buffer pH 7.0 

Sodium Citrate 5.8 g Dissolve in distilled 
water, pH is self-

adjusting.  Citric Acid 75 mg 

Table 2.  12 Components of 2X Fehling reagent and 0.02 M Citrate buffer used for mannan 

extractions.  

2. 4. 5. 2 Generation and Purification of β-1,2-mannooligosaccharides 

β-1,2-mannooligosaccharides were released from mannan purified from C. 

albicans SC5315 with mild acid hydrolysis. The procedure involved boiling 10 mg 

ml-1 of C. albicans mannan at 100 °C in 10 mM HCl for 1 hour. The reaction was 

neutralised with NaOH until neutral pH was obtained, samples were analysed with 

TLC (Section 2.4.1). Samples were then freeze dried, resuspended in water, and 

purified by size exclusion chromatography using P2 Bio-gel (Bio-Rad) matrix 

packed in two Glass Econo-Columns (2.5cm X 80cm) with a flow adaptor (Bio-

Rad) at 0.2 ml min-1. Columns were equilibrated with degassed distilled water and 

oligosaccharides were eluted with distilled water. Fractions of 1.8-2 ml were 

collected and assessed for the presence of sugars with TLC. Fractions containing 
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sugars of approximately the same size were pooled, freeze dried, resuspended in 

0.5 ml of water and stored at -20 °C. Concentration of oligosaccharides was 

determined with a Mannose detection kit (Section 2.4.4). and an enzyme with a 

known β-1,2-mannosidase activity.  

2. 4. 5. 3 Concentrating of samples by freeze drying  

Purified mannan or oligosaccharides were frozen to -80 °C and then lyophilised in 

a Christ Alpha 1-2 Freeze Drier at -60 °C. 

2. 4. 6 Analysis of in-gel proteins by Mass Spectrometry  

Mass Spectrometry analysis of in-gel proteins presented in Chapter 5 was 

performed by the Metabolomics and Proteomics facility, Department of Biology 

(University of York, UK) 

2. 4. 6. 1 Sample preparation 

B. salyersiae was grown in 15 ml of defined medium (Appendix A) with 10 mg ml-1 

mannan from S. cerevisiae (Sigma) anaerobically at 37 °C (Section 2.2.3) and 

aliquots were collected hourly for 14 hours. Supernatant was separated by 

centrifugation at 13000 rpm for 2 minutes (Section 2.3.1) and concentrated 5 

times with Vivaspin® 20 concentrator tubes with 30 kDa cut off (Section 2.3.12), 20 

μl was analysed with SDS-PAGE gel (Section 2.3.11). Desired protein bands were 

excised from the gel and sent to the University of York 

(https://www.york.ac.uk/biology/technology-facility/proteomics/) for analysis.  

2. 4. 6. 2 Sample analysis. 

This was performed as a paid service but briefly, proteins were in-gel digested 

with trypsin and the resulting peptides were analysed with Matrix Assisted Laser 

Desorption Ionization Tandem Time-of-Flight (MALDI-TOF) mass spectrometry. 
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Mass spectral data was searched against B. salyersiae CL02T12C01genome 

available in the NCBI database using Mascot search program. Threshold for the 

associated expect value was set to 0.05, fragment mass tolerance was set at 0.5 

Da, a minimum of 2 matched peptides was required for protein identification. 

2. 4. 7 Comparative proteomics 

2. 4. 7. 1 Sample preparation   

B. salyersiae was grown in 10 ml of defined medium (Appendix A) with 10 mg ml-1 

mannan from S. cerevisiae or glucose to mid exponential phase OD600 = 0.8 

anaerobically at 37 °C. Respective mannan and glucose cultures were produced 

in triplicates. Cells were pelleted by centrifugation at 5000 rpm for 10 minutes 

(Section 2.3.1), supernatant was collected and stored at -20 °C. Pellets were 

washed in 10 ml of sterile PBS three times and stored frozen at -20 °C until 

required.   

Comparative proteomics presented in Chapters 4 and 5 were performed by Dr 

Tiaan Heunis, Biosciences Institute, Newcastle University, as a collaboration. 

Briefly, B. salyersiae cells were suspended in 5% SDS in 50 mM 

triethylammonium bicarbonate (TEAB) pH 7.5. and sonicated using an ultrasonic 

homogenizer (Hielscher) for 1 minute. The cell extract was collected by 

centrifugation at 10,000 x g for 5 minutes. Protein concentration was determined 

using a bicinchoninic acid (BCA) protein assay (Thermo Scientific). A total of 30 µg 

protein for the whole cell lysate was used for analysis and the sample preparation 

was performed using the suspension trapping (S-Trap) sample preparation 

method, as recommended by the supplier ProtiFi™ (Huntington NY). Samples 

were digested with trypsin in 50 mM TEAB (1:10 ration of trypsin: protein) for 2 



 

 88 

hours at 47 °C using a thermomixer (Eppendorf). Peptides were eluted with 50 

mM TEAB pH 8.0 and centrifugation at 1000 g for 1 minute. Elution steps were 

repeated using 0.2% formic acid and 0.2% formic acid in 50% acetonitrile, 

respectively. The three eluates from each sample were combined and dried using 

a speed-vac before storage at -80°C. 

2. 4. 7. 2 Mass spectrometry   

Each sample was independently analysed on an Orbitrap Fusion Lumos Tribrid 

mass spectrometer (Thermo Fisher Scientific), connected to an UltiMate 3000 

RSLCnano System (Thermo Fisher Scientific). Peptides (1 µg) were injected on a 

PepMap 100 C18 LC trap column (300 μm ID × 5 mm, 5 μm, 100 Å) followed by 

separation on an EASY-Spray nanoLC C18 column (75 μm ID × 50 cm, 2 μm, 100 Å) 

at a flow rate of 250 nl min−1. Solvent A was water containing 0.1% formic acid, and 

solvent B was 80% acetonitrile containing 0.1% formic acid. The gradient used for 

analysis of proteome samples was as follows: solvent B was maintained at 2% for 

5 min, followed by an increase from 2 to 35% B in 120 min, 35-90% B in 0.5 min, 

maintained at 90% B for 4 min, followed by a decrease to 3% in 0.5 min and 

equilibration at 2% for 10 min. The Orbitrap Fusion Lumos was operated in positive-

ion data-dependent mode. The precursor ion scan (full scan) was performed in the 

Orbitrap in the range of 400-1,600 m/z with a resolution of 120,000 at 200 m/z, an 

automatic gain control (AGC) target of 4 × 105 and an ion injection time of 50 ms. 

MS/MS spectra were acquired in the linear ion trap (IT) using Rapid scan mode 

after high-energy collisional dissociation (HCD) fragmentation. An HCD collision 

energy of 30% was used, the AGC target was set to 1 × 104 and dynamic injection 

time mode was allowed. The number of MS/MS events between full scans was 

determined on-the-fly to maintain a 3 s fixed duty cycle. Dynamic exclusion of ions 
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within a ± 10 ppm m/z window was implemented using a 35 s exclusion duration. An 

electrospray voltage of 2.0 kV and capillary temperature of 275°C, with no sheath 

and auxiliary gas flow, was used. 

2. 4. 7. 3 Sample analysis 

Mass spectral data were analysed using MaxQuant 1.6.14.0, and searched 

against the Uniprot Bacteroides salyersiae CL02T12C01 proteome database 

(UP000005150). Peak list generation was performed within MaxQuant and 

searches were performed using default parameters and the built-in Andromeda 

search engine. The enzyme specificity was set to consider fully tryptic peptides, 

and two missed cleavages were allowed. Oxidation of methionine, N-terminal 

acetylation and deamidation of asparagine and glutamine were allowed as 

variable modifications. Carbamidomethylation of cysteine was allowed as a fixed 

modification. A protein and peptide false discovery rate (FDR) of less than 1% was 

employed in MaxQuant. Proteins that contained similar peptides and that could 

not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy 

the principles of parsimony. Statistical analysis was conducted by Dr Tiaan 

Heunis, Biosciences Institute, Newcastle University in the R statistical 

programming language using the MSstats package. At least 2 peptides of the 

same protein were required to be detected in all tested glucose- and mannan-

grown samples to qualify for the statistical analysis. To determine the relative 

abundance of proteins, obtained data were normalised to the glucose samples, 

log2 value ⩾2 was taken as a cut off for upregulation, proteins with log2 value ⩽	-2 

were counted as downregulated.  
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2. 4. 8 Isothermal Titration Calorimetry (ITC) 

Binding of proteins to glycans and the thermodynamic parameters can be 

quantified with ITC. Formation of protein-ligand complexes either generates or 

absorbs heat, resulting in exothermic or endothermic reactions, respectively. 

MicroCalTM VP-Isothermal Titration Calorimeter measures the amount of energy 

required to maintain the temperature of the reaction cell relative to the reference 

cell and therefore provides a readout of the amount of heat released or absorbed.  

Recombinant proteins were dialysed into 50 MM HEPES 150 mM NaCl, pH 7.0 

(Section 2.3.12) and substrates were prepared in the same dialysis buffer. 

Titrations were performed at 25 °C and 307 rpm with 27 injections at regular 

intervals of 10 µl of ligand into the cell containing 25 μM of protein. The 

concentration of ligand was adjusted depending on the conditions to obtain a 

titration curve. The curve was analysed with non-linear regression and was fitted 

to a model where number of binding sites was equal to 1. The thermodynamic 

parameters: association constant (Ka), binding enthalpy (ΔH), and Gibbs free 

energy (ΔG) were estimated from the titration curve using Microcal PEAQ-ITC 

software v1.30 (Malvern Panalytical). Standard thermodynamic equation ΔG = ΔH 

- TΔS was used to calculate the entropy change (TΔS).  

2. 4. 9 Affinity Gel Electrophoresis (NATIVE-PAGE) 

Binding of proteins to glycans can also be analysed with affinity gel 

electrophoresis. Formation of ligand-protein complexes distorts migration of the 

protein through the polyacrylamide matrix. Similar to what was described for SDS-

PAGE (Section 2.3.11), an AE-6450 apparatus from ATTO Corporation was 

applied, using a native polyacrylamide gels containing soluble substrates Table 2.  
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13). The ligands were added at 0.1% (w/v) prior to polymerisation, water was used 

as a negative control. 5 μg of protein was mixed with 5 μl of loading buffer (Table 

2.  13), loaded onto a gel and run at 10 mA per gel at room temperature. Gels with 

and without ligands were run in the same gel box with identical samples loaded on 

each. Mixture of oligomers of BSA (15 μg) was used as a negative, non-interacting 

control. Proteins were stained and visualised as described for SDS-PAGE 

(Section 2.3.11) 

 

Component Composition Amount 

10X Native buffer 
Tris base (0.25 M) 30 g l-1 

Glycine (2.5 M) 187 g l-1 
DNA loading 

buffer 
Bromophenol Blue 0.0025% 

Glycerol 5% 
 Amount per gel 

Native gel 

d H20 6.06 ml 
10X Native buffer 1 ml 

40 % Acrylamide (BDH Electran 
acrylamide, 3% (w/v) bisacrylamide) 1.9 ml 

10 % (w/v) Ammonium persulfate 50 μl 
TEMED 10 μl 

Substrate 1% (w/v) or water 1 ml 
Table 2.  13 Composition of NATIVE-PAGE affinity gels and buffers 

2. 5 Microbiology 

2. 5. 1 Culture preparation and monitoring. 

Bacterial cultures were routinely prepared by inoculation of 5 ml of rich TYG 

medium (Section 2.2.1) with 20 μl of a glycerol stock of desired species and grown 

to stationary phase for at least 14 hours in controlled anaerobic conditions inside 

the A35 anaerobic chamber (Don Whitley Scientific) at 37 °C to produce active 
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bacterial cultures. These were then used to inoculate defined or minimal media 

using 5 μl per 200 μl for the growth experiments in the plate reader and 5-10% cell 

density in all other experiments.  

Bacterial cultures were prepared in 96 well Corning® Costar® culture plates 

(Sigma-Aldrich) and monitored with an Epoch microplate spectrometer (Biotek 

Instruments Ltd.) inside of the anaerobic chamber. The plate reader collected 

OD600 at 15-minute intervals to generate a growth curve. Each growth condition 

was prepared in triplicates, data were averaged to produce a standard error of 

mean. A control containing media without bacterial inoculum was run to ensure no 

contamination has occurred throughout the growth period. Background 

absorbance of the control was taken as a baseline and subtracted from all 

samples. Data were analysed in Prism 9.0 (GraphPad).  

Cultures larger than 200 μl and co-cultures were performed in 10 ml sterile glass 

tubes and 50 ml conical flasks, respectively, which were plugged with cotton wool, 

preventing contamination. Tubes were placed in the anaerobic chamber and 

OD600 was monitored using a manual CO 75000 spectrophotometer (Sigma). 

2. 5. 2 Cross-feeding experiments with conditioned media 

A set of growth experiments in Chapter 4 utilised conditioned media. This was 

prepared by growing B. salyersiae or B. thetaiotaomicron in defined medium 

(Appendix A) with 15 mg ml-1 mannan from S. cerevisiae (Sigma) to the mid 

exponential phase OD600 = 0.6-0.8 anaerobically at 37 °C. Cells were separated 

by centrifugation at 5000 rpm for 10 minutes, supernatant was then collected and 

autoclaved (Section 2.2.2) and stored at -20 °C until required.  
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Supernatant was defrosted and filter sterilised with 0.2 μl Millipore filter disc 

(Section 2.2.2) and diluted 1:2 with sterile 2X defined medium (Appendix A) to 

produce conditioned media. Bacteroides spp. were grown as described in Section 

2.4.1 and inoculated (2.5 % v/v) into 200 μl of conditioned media. Assays were 

prepared in 96 well plates in triplicates and monitored using an automatic plate 

reader as described in Section 2.4.1.  

2. 5. 3 Whole cell assays 

Whole cell assays were deployed to assess enzymatic activity at the cell surface. 

Cells of Bacteroides spp. remain structurally intact but metabolically inactive in the 

presence of oxygen and thus, the activity of the CAZymes presented on the cell 

surface can be assessed as these enzymes do not require ATP. Enzymes could 

be removed from the cell surface with Proteinase K, while lysed cells could be 

used to assess activity of all enzymes expressed in the cytosol, periplasm, and the 

cell surface.  

B. thetiaiotaomicron or B. salyersiae were grown in 10 ml of defined medium 

(Appendix A) containing 10 mg ml-1 substrate, unless stated otherwise, to the mid 

exponential phase OD600 = 0.8 anaerobically at 37 °C (Section 2.2.3). Cells were 

collected by centrifugation at 5000 rpm for 10 minutes at 4 °C (Section 2.3.1), 

washed 10 ml of PBS 3 times, resuspended in 1.5 ml of PBS, and kept on ice. A 

fraction of cells was treated with 2 mg ml-1 Proteinase K (Sigma) at 37 °C for 2 

hours. Cells were washed with PBS three times with centrifugation at 13000 rpm 

for 2 minutes to wash off Proteinase K. A fraction of whole cells and the 

Proteinase K treated cells was lysed with BugBuster (Merck) to investigate 

intracellular enzymatic activity. All samples were incubated with 10 mg ml-1 

substrate or PBS as a negative control, unless stated otherwise, at 37 °C. 
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Substrate resuspended in PBS but without cells was also included as a control. 

Aliquots were collected at regular intervals; reactions were stopped by boiling at 

100 °C for at least 10 minutes, supernatant was separated by centrifugation at 

13000 rpm for 2 minutes and stored at 4 °C prior to analysis. All samples were 

analysed with TLC (Section 2. 4. 1) and HPAEC-PAD (Section 2. 4. 2), when 

appropriate, to assess activity of the cells.  

2. 5. 4 Multi-species co-culture experiments 

Active overnight cultures were inoculated at 5 % v/v into 10 ml of defined medium 

with 10 mg ml-1 glucose and grown to the mid exponential phase OD600 = 0.7 to 

obtain the same cell density. Cells were collected by centrifugation at 5000 rpm 

and washed with sterile PBS three times to wash off residual glucose and 

resuspended in 10 ml of PBS. These were then used to inoculate defined medium 

with 10 mg ml-1 substrate at 5% v/v ratio and placed in the anaerobic cabinet. 

OD600 was monitored manually using CO 7500 spectrophotometer (Sigma). Each 

experimental condition was performed in triplicate, monocultures were also 

included to monitor growth phases. 

Co-culture samples were collected from appropriate growth phases. Cells were 

centrifuged at 13000 rpm for 2 minutes. Cells and supernatant were separated 

and stored at -20 °C until required. Simultaneously, 100 μl of the culture was 

reserved and used to perform 10- fold serial dilutions into sterile TYG medium in a 

sterile 96 well Corning® Costar® culture plate. 10 μl of appropriate six of the 10-

fold serial dilutions were spread out on TYG plates without antibiotic and 

incubated anaerobically at 37 °C for 2 days. Colonies were counted in each 

dilution to determine CFU ml-1 for each time point and culture. To determine 

abundance of each Bacteroides species in co-cultures, genomic DNA was 
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extracted from frozen cells with GenEluteTM Bacterial Genomic DNA Kit (Sigma 

Aldrich) and used to differentiate between species with qPCR analysis using 

species specific genes as genetic markers. Unique, species specific, qPCR 

primers were designed with ID Primer Quest tool (Section 2. 6), and are listed in 

Table 2. 14 This was then used to calculate CFU ml-1 of each species in co-

culture. Supernatant was analysed with TLC (Section 2. 4. 1). 

2. 5. 5 Real-time Quantitative PCR (qPCR) 

Genomic DNA harvested in co-culture experiments (Section 2.4.5) were analysed 

with qPCR to determine abundance of each species using primers specific to 

genes unique to each species (Table 2.  14). qPCR relies on a dye which binds 

DNA and releases measurable light during its amplification. In this project SYBR 

Green I master mix (Roche) or Luna® Universal qPCR Master Mix (Nee England 

Biolabs), which also contains SYBR Green to act as an intercalating dye, which 

absorbs light at 497 nm and emits light at 520 nm when intercalated into double 

stranded DNA. Light emission at 520 nm is detected during each cycle and a 

quantification cycle (Cq) is determined when the fluorescence signal from the 

sample exceeds the background fluorescence. This is then used to determine 

abundance of DNA in each sample, a low Cq value means that fewer cycles 

required to detect amplification, whilst a high Cq value shows that more cycles 

were required. 
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Species Gene Direction  Primer Sequence 

B. thetaiotaomicron  Bt3780 
(GH130) 

Forward TCACCTGTTTCCCATTGACA 

Reverse AGACCCCGGTATTTTATCCG 

B. salyersiae Bs_04085 
(GH38) 

Forward TTCTTTGCCGGTGTTTAC 

Reverse CGTCATCAACCGCCTTATC 

B. xylanisolvens Bxy_2930 
(GH10) 

Forward GCATGGAACTTGGATGTAG  

Reverse TTCGGGAGTAAGAGGAATAG  

Table 2.  14 qPCR primers designed for species-specific genetic markers. 

Prior to analysis concentration of the gDNA extracted from all co-culture samples 

was measured from 1 μl aliquots with Qubit 4 Fluorometer (ThermoFisher) and 1X 

dsDNA High Sensitivity Assay Kit (ThermoFisher) as per manufactures 

instructions, using the standard curve provided in the kit. Concentration of 

genomic DNA, extracted from appropriate Bacteroides spp. grown in monoculture 

on rich medium, was also quantified the same way and diluted to contain 20, 10, 

1, 0.1, 0.01, or 0.001 ng μl-1, generating a standard curve. This was always 

included in each qPCR run to extrapolate DNA concentrations in the samples. 

Samples were diluted to contain 10 ng μl-1 of DNA.  

A standard qPCR reaction was performed using 5 μl of SYBR Green I Master Mix 

(Roche) or Luna® Universal qPCR Master Mix (NEB), 1 μl of 10 μM primer mix 

(Forward+Reverse), 3 μl of PCR grade water, and 2 μl gDNA (Sample or Standard 

curve). qPCR was conducted using a LightCycler® 96 (Roche) with a program 

given in Table 2.  15.   
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Step  Process Temperature (°C) Time (s) 

1 Initial Denaturation 95 600 

2 Denaturation 95 10 

3 Annealing 58 10 

4 Elongation 72 10 

5 Measurement 72 - 
Table 2.  15 qPCR program and parameters used throughout this project. Steps 2-5 were repeated 

50 times, the measurement was taken by exciting samples at 497 nm and measuring light 

emission at 520 nm. 

To determine relative gene expression, Bt was grown in 5ml of minimal media with 

10 mg ml-1 S. cerevisiae mannan or glucose (Section 2. 4. 1). Cells from the mid-

exponential phase OD600=0.8 were harvested by centrifugation at 5,0000 rpm and 

resuspended in RNAprotect Bacteria Reagent (QIAGEN) and stored at -20 °C until 

required. RNA was extracted with RNeasy mini kit (QIAGEN) and was converted 

into cDNA with Quanti Tec Reverse Transcription kit (QIAGEN) as per 

manufactures instructions. 5 μl of cDNA was used in 20 μl reactions as described 

above. qPCR primers specific for each gene of interest were designed in IDT 

Primer Quest Tool (Section 2. 6) and are listed in Table 2.  16 
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Gene Primer direction  Primer Sequence 

16 S 
Forward GGTAGTCCACACAGTAAACGATGAA 

Reverse CCCGTCAATTCCTTTGAGTTTC 

bt3521 
Forward ATGTGGTGGACAGTTACA 

Reverse CTCTGAGCCATACCATACA 

bt2949 
Forward GAATGGTCGGATGCTTTG 

Reverse CGGCACTCGTAGGTAAA 

bt3501 
Forward CAGGGAACATTTGGAGAAG 

Reverse CTTGTAGCGGCATAGTTG 

bt3301 
Forward GCTGCCCTACTCTATCAA  
Reverse TCTCCTGTGTCAGTTGTAA 

Table 2.  16 qPCR primers used to determine gene expression 

 

2. 5. 6 Transmission Electron Microscopy of Outer Membrane Vesicles 

2. 5. 6. 1 Purification of Outer Membrane vesicles (OMV)   

B. salyersiae was grown in 50 ml of defined medium (Appendix A) containing 

either 10 mg ml-1 mannan from S. cerevisiae or glucose anaerobically at 37 °C for 

16 hours (Section 2.4.1). Cultures were centrifuged at 10000 rpm for 20 minutes 

(Section 2.3.1), supernatant was collected, and filter sterilised with 0.2 μm 

Millipore membrane (Section 2.2.2). The filtrate was then ultracentrifuged using 

26.3 ml polycarbonate tubes Brom Backman Coulter and 70 Ti rotor with Beckman 

Coulter Optima L-90K ultracentrifuge at 100,000 g for 2 hours. The supernatant 

was discarded, and the vesicle pellet was resuspended in 100 μl of sterile PBS 

and stored at 4 °C before analysis.  
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2. 5. 6. 2 Transmission Electron Microscopy (TEM) 

This was performed by Tracey Davey in the EM Research Services unit, 

Newcastle University.  

Briefly, samples were soaked onto carbon-coated copper grids and negatively 

stained with 2 % aqueous uranyl acetate for 15 mins and analysed with Hitachi 

HT7800 120 kV Transmission Electron Microscope. Pictures were taken at 100 kV 

accelerating voltage with 20000 x magnification. The diameters of vesicles were 

measured suing a scale bar provided using Fiji.   

2. 6 Bioinformatics tools 

Bioinformatics tools used throughout this project are listed in Table 2.  17 

Bioinformatic 
Tool Server Description 

Primers design & 
Molecular cloning 

IDT 
PrimeQuest 

Primer design for qPCR assays (Owczarzy et 
al., 2008). 

KEGG 

Collection of databases of different biological 
systems used to search B. thetaiotaomicron 

DNA and protein sequences (Kanehisa et al., 
2002). 

NEBcutter Analysis of restriction sites in DNA sequences 
(Vincze et al., 2003). 

Signal P 5.0 
Prediction of signal peptides in Gram-negative 
or Gram-positive bacteria (Almagro Armenteros 

et al., 2019). 

Protein 
parameters ProtParam 

Calculation of protein parameters based on 
amino acid sequence: molecular weight, 
isoelectric point and extinction coefficient 

(Gasteiger et al., 2005). 

Analysis of DNA or 
Amino Acid 
sequences  

BLAST 
The query sequence is compared to a database 
of non-redundant protein sequences ((Johnson 

et al., 2008). 

InterPro 
Database used to identify organisation of 
domains in a protein, using its amino acid 

sequence (Mitchell et al., 2019). 
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Bioinformatic 
Tool Server Description 

Smart 
Also used to predict domain organisation in a 

protein based on its amino acid sequence 
(Schultz et al., 2000). 

IMG  

Database of microbial genomes, which 
computes a full list of closest 

homologues/orthologues (Markowitz et al., 
2012). 

CAZy 

Collection of all carbohydrate active enzymes 
found across all domains of life grouped into 

respective classes and families (Lombard et al., 
2014). 

PUL DB Collection of literature derived PULs across the 
Bacteroidetes phylum (Terrapon et al., 2018). 

Phylogenetic 
analyses 

MUSCLE Multiple alignment of protein sequences (Edgar, 
2004). 

MegaX Used to construct phylogenetic trees using 
alignments in MUSCLE (Hall, 2013). 

Clustal 
Omega 

Routinely used to align multiple DNA and Amino 
Acid sequences (Sievers and Higgins, 2018). 

Phylogeny.fr Drawing of phylogenetic trees (Dereeper et al., 
2008) 

Table 2.  17 List of Bioinformatics tools used throughout this study.  
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Chapter 3: Degradation of mannan from Candida 

albicans by Bacteroides thetaiotaomicron 

 

3. 1 Introduction 

As previously discussed, B. thetaiotaomicron possesses an extensive repertoire of 

proteins that degrade yeast mannan (Cuskin et al., 2015b). These were grouped 

into MAN-PUL1, MAN-PUL2, and MAN-PUL3 and are upregulated in Bt in 

response to mannan from both S. cerevisiae and C. albicans (Martens et al., 

2008, Cuskin et al., 2015b). Bt degrades mannan in a ‘selfish’ mechanism, where 

large oligosaccharides are released and transported into the periplasmic space to 

be further depolymerised (Cuskin et al., 2015b). Genome analysis showed that 

mannan metabolism was restricted to Bacteroides and Parabacteroides species, 

where all Bt strains contained three mannan PULs, displaying robust growth. 

Elements of MAN-PUL1 and MAN-PUL2 but not MAN-PUL3 were also found in a 

range of B. xylanisolvens (Bx) and B. ovatus (Bo) strains. Bx and Bo strains could 

only utilise mannan variants, which lack extensive decorations of the sidechains, 

but not mannan from the wild-type yeast. In the inter-species competition assays 

Bt did not share, positioning itself as a primary mannan user.  

Unlike mannan from S. cerevisiae, the sidechains of mannan from C. albicans are 

capped with repeating β-1,2-mannosyl units, essential for immune recognition of 

this common human pathogen (Kohatsu et al., 2006). Another study by Cuskin et 

al. (2015a) revealed that, in addition to α-mannan degrading enzymes, MAN-PUL2 

in Bt also contains an enzyme, BT3780, which specifically targets β-1,2-

mannosidic linkage found in C. albicans mannan. BT3780 belongs to the 
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glycoside hydrolase 130 (GH130) family comprised of β-mannoside 

phosphorylases, which use phosphate to cleave β-1,2 or β-1,4-mannosidic bonds. 

In UhgbMP this mechanism was shown to be mediated through three highly 

conserved residues (Arg150, Arg168, and Asn151), which stabilise phosphate 

allowing it to act as a nucleophile (Ladevèze et al., 2013). Unlike glycoside 

phosphorylases, BT3780 and a subset of other proteins in the GH130 family were 

discovered to lack these phosphate-interacting residues, indicating that these 

enzymes deploy a different enzymatic mechanism. The crystal structure of 

BT3780 revealed that the recognition of the sugar at the +1 subsite is mediated by 

Lys199, Arg89, and Glu141, where Lys199 interacts with interacts with O2, O6 and 

the endocyclic oxygen of Man2, thus conferring specificity for Man-β1,2-Man 

linkages (Figure 3.  1 and Figure 3.  2) (Cuskin et al., 2015a).  This lysine residue was 

conserved in another GH130 from B. ovatus, BACOVA_03624, which also utilised 

water as a nucleophile and displayed β-1,2-mannosidic activity (Cuskin et al., 

2015a). Another subset of GH130s from Thermoanaerobacter sp, Teth514_1788 

and Teth514_1789, which displayed glycoside phosphorylase activity against β-

1,2-oligomannan, also retain this lysine residue at the same position (Figure 3.  1), 

demonstrating that Lys199 acts as a specificity determinant (Chiku et al., 2014).  

 

 



 

 103 

 



 

 104 

 



 

 105 

 

Figure 3.  1 Alignment of GH130s.  Amino Acid sequences were retrieved from IMG and aligned in 

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Red and Black indicate glycoside 

hydrolases and Glycoside Phosphorylases, respectively. Residues highlighted in yellow mediate 

substrate binding, catalytic residues of glycoside hydrolases are shown in magenta, residues 

specific for glycoside phosphorylases are shown in cyan, critical lysine residue, determining β-1,2 

specificity is shown in green.  

Unpublished data from Dr. Fiona Cuskin and Dr Elisabeth Lowe showed that 

Δbt3780 strain was still able to grow in C. albicans mannan, though to a lower 

OD600 (data not shown). This suggested that there are other enzymes which can 

hydrolyse β-1,2 mannan. Bioinformatics analysis of the Bt genome revealed three 

additional GH130 enzymes: BT1033, BT3028, and BT4094. BT1033 has been 

characterised as a Man-β-1,4-GlcNAc phosphorylase (Nihira et al., 2013). 

Alignment of BT3028 and BT4094 indicates that BT3028 is likely to be a Man-β-

1,4-Glc phosphorylase, whereas BT4094, which shares 64% identity to BT3780, 

retains the critical lysine residue, suggesting that it is likely to be a β-1,2-

mannosidase (Figure 3.  1). Using PULDB (Terrapon et al., 2018), it was 

established that BT4094 is encoded in an uncharacterised PUL 74, enclosing 

genes bt4069-bt4096, which also could contribute to the degradation of C. 

BT4094   KWYLYYGCADSRVAVAVYDPFKK------------------------------------- 377
Dfer_3176                      KWLLYYGCADSRVGVAEFDPSRKA------PGDPIPN----------------------- 382
BT3780    KWYLYYGCADSKVGMAIYNPKKPA------AADPLP------------------------ 383
BACOVA_03907 KWYLYYGCADSKVGVAVYDPKRPA------KADPLP------------------------ 386
C.auris_QEO19388.1             KWFLYYGQGDSKLAVATCPAN--------------------------------------- 342
C.albicans_CR05750WA QWFLYFGQGDSELGVAIAPVN--------------------------------------- 342
C.dubliniensis_CAX40110.1      QWFMYFGQGDSELGVAIAPVN--------------------------------------- 342
RIL182_01099                   EVFIYYASSDTRMHVATTTVDKLVDYVFNTPQDPGRSVECVAQRCGLIEKNLEFLAKEDK 392
RaMP1                          DVYIYYASSDTRLHVAVSSIDKLLDYAFNTPADALRTAECVKQRCDLIKRNIELL----- 386
UNK1                           EVFIYYASSDTRMHVATSTVEKLIDYCKNTPEDGLRSAASVAVRNELISANLQVMKDLV- 393
BT3028 TVYIYYASSDTRMHVATSTIERLIDYCRHTPEDRLRSTTSVKSIYDIIEANKLVMSENAV 394
BS_03992                       TVFIYYASSDTRMHVAVSTIDQLLDYCLNTKPDGLRSATSVQTLRTLVDKNFACIEETTF 395
BF9343_0737                    KVFIYYASSDTRMHVATSTIERLVDYCLHTPQDGFSSSASVEILKNLIERNLRLMK---- 390
RIL182_01100                   KIAIYYGAADSYVGLAFTELDDIIDYIKENSVVTPEDTEIGR-R---------------- 340
BT1033 RVAVYYGAADTVVGMAFGYIQEIIDFTKRTSII--------------------------- 322
BS_00404                       RVAVYYGAADTVVGMAFGYIADIIEFIKKTNIV--------------------------- 323
UhgbMP RIAIYYGCADTVTGLAFGYIPEIIEFTKRTSII--------------------------- 327
Rumal_0099                     RIAIYYGCADTCVSMAFTTVDDVVDYVKSHSSV--------------------------- 335
Teth514_1789                   MYYVYYGAADTHIGVAVIEKEKVKF----------------------------------- 302
Teth514_1788                   TIYVYYGGADTVIGVAILEMKDIKF----------------------------------- 296
BS_01732                       ELIIYYGAADEVICGAKASITSILRSLGF------------------------------- 352

:*:. .*     .                                            



 

 106 

albicans mannan in Bt. Moreover, during the bioinformatics analyses, we identified 

homologues GH130s in some fungi, including C. albicans, C. auris, and C. 

dubliniensis (Figure 3.  1). Aligning these sequences also showed conservation of 

Lys199 and other active site residues, suggesting that some Candida species are 

able to hydrolyse their own cell wall.  

 

 

 

 

Figure 3.  2 Overlay of the active site of β-mannosidase BT3780 and β-mannoside phosphorylase 

BF0772. Residues shown in yellow belong to BT3780, residues in blue – BF0772. Mannobiose is 

shown in green, Man-Glc – cyan, phosphate shown in orange. Figure adapted from Cuskin et al. 

(2015a) 

Znaidi et al. (2018) showed that adaptation of C. albicans to the mammalian gut is 

reliant on the activation of Crz2 transcription factor. This transcription factor was 

shown to induce differential expression of an array of cell surface and cell-wall 
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remodelling genes (Znaidi et al 2018). One of the downregulated genes identified 

was orf19.6637 (CR05750WA), which encodes for the GH130 enzyme identified 

above (Figure 3.  1), suggesting that the alterations in the cell wall structure maybe 

linked to colonisation of the gut. The aims of this work were: 1) to investigate 

whether the conserved lysine residue confers the specificity for β-1,2-mannosides 

in the fungal homologues of BT3780; 2) establish if BT4094 is responsible for the 

ability of Bt to utilise C. albicans mannan; 3) investigate whether the genetic locus 

bt4069-bt4096 contributes to the degradation of C. albicans mannan in Bt. 

3. 2 Objectives 

1. Perform biochemical characterisation of BT4094 and orf19.6637 (named 

hereafter CaGH130) 

2. Investigate the biological role of BT4094 and its PUL (BT4072-BT4096) 

3. Characterise mechanism of C. albicans mannan breakdown by B. 

thetaiotaomicron 

 

3. 3 Results 

3. 3. 1 Characterisation of β-1,2 mannosidases from the Glycoside Hydrolase 

130 family, BT4094 and orf19.6637(CaGH130). 

As discussed above, the specificity for β-1,2-mannosidic linkage is dictated by 

Lys199 in the active site of BT3780 (Figure 3.  2). To investigate if Lys199 acts as a 

determinant of β-1,2-mannosidic activity in other uncharacterised enzymes in this 

family, genes for BT4094 and CaGH130 from B. thetaiotaomicron and C. albicans, 

respectively, were cloned into pET-28a vector. Recombinant proteins were 
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expressed in TUNER cells and purified with Immobilised Metal Affinity 

Chromatography (IMAC). Fractions were analysed with SDS-PAGE, soluble 

BT4094, CaGH130, and BT3780 proteins of correct molecular weight were 

obtained (Figure 3.  3).  

 

Figure 3.  3 SDS-PAGE analysis of recombinant GH130s. Indicated fraction were collected and 

resolved on 12.5% SDS-PAGE gels. Wide molecular weight ladder (Sigma, UK) was used to 

identify sizes.  Soluble proteins were eluted with 100 mM imidazole in TALON buffer (20 mM Tris-

HCl 300 mM NaCl). Panel a: purification of recombinant BT4094 (lanes 2-6) and BT3780 (lanes 7-

11), soluble proteins were obtained, Panel b: purification of recombinant CaGH130, soluble protein 

lanes 5-6 

Cuskin et al. (2015a) showed that BT3780 displays activity against mannan from 

C. albicans, to confirm the hydrolase activities of BT4094 and CaGH130, they 

were assayed against mannan from C. albicans. Both, BT4094 and CaGH130 at 1 

µM were incubated with 1 mg ml-1 mannan purified from C. albicans strain 

SC5314, as described in Methods, at 37°C in 50 mM MOPS 2 mM CaCl2. BT3780 



 

 109 

was assayed alongside for comparison. Aliquots were collected at regular 

intervals; reactions were stopped by boiling and analysed with Thin Layer 

Chromatography (TLC). Both BT4094 and CaGH130 released mannose from C. 

albicans mannan (Figure 3.  4 c-f), but at a slower rate compared to BT3780 (Figure 

3.  4 a). Reactions were then further analysed with HPAEC-PAD. Retention time of 

the peak produced by BT4094, CaGH130, BT3780 on CarboPac PA20 

(ThermoFisher, UK) column corresponded to the one seen in the mannose 

standard (Figure 3.  4 b, d, f). These analyses confirmed that BT4094 and CaGH130 

display glycosyl hydrolase activity against mannan from C. albicans, consistent 

with what was shown for BT3780 by Cuskin et al. (2015a). Neither BT4094 nor 

CaGH130 displayed activity on 4-Nitrophenyl β D-mannose (PNP-β-mannose) 

(data not shown) 
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Figure 3.  4 Activity of BT3780 (a-b), BT4094 (c-d), CaGH130 (e-f) on mannan from C. albicans. 

Enzymes at 1 μM were assayed against 1 mg ml-1 mannan from C. albicans. Aliquots at specified 

time points were collected and stopped by boiling. Reactions were diluted 1:10 in distilled water 

prior to HPAEC-PAD analysis on CarboPac PA20 column, with 0-25 mM NaAc gradient, cellobiose 

was included as an internal standard. Panel a, c, e: TLC of BT3780, BT4094, CaGH130 against C. 

albicans mannan, respectively; Panel b, d, f: HPAEC-PAD of BT3780, BT4094, CaGH130 against 

C. albicans mannan, respectively. 
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Enzymatic activity of BT3780, BT4094, and CaGH130 against C. albicans mannan 

was further assessed. It was previously shown that BT3780 displays activity 

against β-1,2 mannooligosaccharides, that uniquely cap the sidechains of C. 

albicans mannan. These are not commercially available but can be released from 

phosphomannan upon mild acid hydrolysis (Figure 3.  5). C. albicans mannan was 

treated with 10 mM HCl at 95 °C for 1 hour, reaction was then neutralised with 

NaOH. Acid hydrolysed mannan was then incubated with 1 μM BT3780, BT4094, 

or CaGH130 overnight, reactions were analysed with TLC. Mild acid hydrolysis 

released a pool of β-oligosaccharides from C. albicans mannan (Figure 3.  5 b lane 

1). All three enzymes degraded β-oligosaccharides into mannose (Figure 3.  5 b 

lane 2-4). HPAEC-PAD analysis showed that addition of enzymes resolved β-

oligosaccharides, producing a single peak corresponding to mannose standard 

(Figure 3.  5  c). This demonstrates that BT3780, BT4094, and CaGH130 display 

activity against β-1,2-mannosides in mannan from C. albicans, confirming β-

mannosidic activity of BT4094 and CaGH130.  
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Figure 3.  5 Activity of BT3780, BT4094, and CaGH130 against β-1,2-mannosides from C. albicans 

mannan. β-oligosaccharides were released from C. albicans mannan mild acid hydrolysis. 

Enzymes at 1 μM were incubated with hydrolysed mannan overnight. Panel a: Diagram of C. 

albicans mannan: α-1,6-linked backbone is decorated with α-1,2 and α-1,3 linked sidechains 

capped with β-1,2-mannosides, β-1,2-oligosaccharides are released from mannan with mild acid 

hydrolysis; Panel b: TLC analysis: lane 1 oligosaccharides released from C. albicans mannan, lane 

2, 3, 4 activity of BT3780, BT4094, and CaGH130, respectively, degrade oligosaccharides into 

mannose. Panel c: HPAEC-PAD analysis on CarboPAC PA20 column using 0-50 mM NaAc 

gradient, reactions were diluted 1:20 prior to analysis, 30 μM mannose was run as standard.  

To investigate the specificity of BT4094 and CaGH130, β-1,2-oligosaccharides 

were purified with P2 Bio-gel size exclusion columns (Bio-Rad, USA). Individual 

fractions were analysed with TLC and freeze-dried. As a result, β-1,2-linked 

mannobiose, mannotriose, and mannotetraose were purified, mannosidic linkage 

was confirmed with recombinant BT3780 and the concentration of each substrate 

was determined in a continuous assay using the Mannose Detection Kit 

(Megazyme, Portugal). 

BT4094 and CaGH130 were tested against β-1,2-mannosides or β-1,4-

mannosides (Magazyme, Portugal) overnight. Reactions were analysed with TLC. 

BT4094 and CaGH130 did not display activity against β-1,4-linked substrates but 
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were able to degrade β-1,2-linked oligosaccharides into mannose and not manno-

phosphate (Figure 3.  6). This confirmed that both BT4094 and CaGH130 act as β-

1,2 mannosidases, exhibiting glycoside hydrolase and not glycoside 

phosphorylase activities.  

 

Figure 3.  6 Activity of BT4094 and CaGH130 against β-1,2 and β-1,4 linked 

mannooligosaccharides. Enzymes were incubated with 1 mM of β-1,2 or β-1,4 linked manno- 

biose, triose, and tetraose in 50 mM Phosphate buffer at 37 °C overnight. Panel a: BT4094 against 

mannooligosaccharides; Panel b: CaGH130 against mannooligosaccharides. In each lane ‘+’ and 

‘–‘ indicate with and without enzyme, respectively. Mannose is shown as a green circle. 
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The amount of mannose released by each GH130 from C. albicans mannan was 

then assessed. This was performed using a continuous spectrophotometric linked 

assay system, mannose detection kit, where production of free mannose is 

directly proportional to the amount of reduced NADPH, whose formation is 

measured at 340 nm. To assess available substrate, excess enzyme 

concentration is used with a limited amount of substrate to ensure the reaction 

runs to completion. BT3780, BT4094, CaGH130 were assayed at 10 µM against 

10 µg C. albicans mannan in a continuous assay, reactions were run to 

completion. This showed that BT3780 released 30 µM of mannose, while BT4094 

and CaGH130 could only release half of this amount, 17 and 12 µM, respectively 

(Figure 3.  7 a). To investigate this further, enzymes were assayed in two sequential 

reactions, where BT3780 was followed by either BT4094 or CaGH130 and vice 

versa. In a set of reactions where BT3780 was applied first, approximately 30 µM 

of mannose was consistently released from 10 µg of C. albicans mannan (Figure 3.  

7 b and c). Neither BT4094 nor CaGH130 displayed activity on C. albicans 

mannan after BT3780 had completed its reaction (Figure 3.  7  b and c). The 

enzyme order was then swapped. CaGH130 released 10 µM of mannose and, 

when BT3780 was added, additional 17 µM of mannose was formed (Figure 3.  7  

b). The same trend was observed when BT4094 was used first, releasing 17 µM 

of mannose from C. albicans mannan, and after completion of this reaction 

additional 12 µM was produced by BT3780 (Figure 3.  7  c). These assays indicate 

that BT3780 removes a greater amount of β-mannan from C. albicans mannan 

than BT4094 or CaGH130. It is possible that BT3780 is capable of cleaving β-

mannoses linked to the underlining α-mannan, while BT4094 and CaGH130 are 
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not. However, it is also possible that despite displaying activity on C. albicans β-

mannan, it might not be a preffered substrate for BT4094. 

 

 

Figure 3.  7 End-point reactions with BT3780, CaGH130, and BT4094 against C. albicans mannan. 

Enzymes at 10 µM were tested against 10 µg of mannan, continuous mannose release was 

monitored spectrophotometrically at 340 nm at 37 °C. Panel a: amount of mannose released from 

C. albicans mannan by BT3780, BT4094, and CaGH130. Panel b: Sequential assay with BT3780 

and CaGH130. Column 1: CaGH130 followed by BT3780, column 2: BT3780 followed by 

CaGH130; Panel c: sequential assay with BT4094 and Bt3780. Column 1: BT4094 followed by 

BT3780, column 2: BT3780 followed by BT4094. Error bars show SE of three biological repeats.  

To complete the biochemical characterisation of the two GH130s, their kinetic 

parameters were assessed. Both BT4094 and CaGH130 were assayed against C. 

albicans mannan at a range of concentrations using the mannose detection kit. 

This showed that CaGH130 displayed a strong affinity for C. albicans mannan, as 

indicated by its low Km=0.34 mg ml-1, while it was not possible to determine Km for 

BT4094, which does not begin to saturate when substrate is at 10 mg ml-1 (Figure 3.  

8). In contrast, BT4094 possesses a higher catalytic efficiency (kcat) than 

CaGH130, which is reflected by the difference between their kcat/Km (Figure 3.  8). 

This indicates that, while both being able to degrade cell wall mannan from C. 
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albicans, BT4094 and CaGH130 most likely perform two biologically distinct 

functions.  

 

Figure 3.  8 Kinetics of BT4094 and CaGH130 against mannan from C. albicans. BT4094 and 

CaGH130 were assayed against C. albicans mannan at a range of concentrations. Panel a: 

BT4094 vs C. albicans mannan, simple linear regression was used to determine kcat/Km. Panel b: 

CaGH130 vs C. albicans mannan. For CGH130 Km and kcat were determined with Michaelis-

Menton equation, for BT4094 kcat/Km was calculated from the linear fit. Assays were performed in 

triplicates, ± shows SE, n.d stands for not determined. Data are representative of three technical 

repeats. 

3. 3. 2 Characterisation of β-mannosidases, BT3780 and BT4094, in vivo.  

3. 3. 2. 1 Construction and characterisation of Δbt3780+ Δbt4094 strain. 

To determine if BT4094 contributes to the ability of Bt to degrade C. albicans 

mannan, Bt strains lacking either BT4094 or BT4094 together with BT3780 were 
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constructed. Briefly, regions of 1000 bases flanking bt4094 gene were amplified 

by PCR, these were then joined together by a sewing PCR to generate a 2 kB 

deletion cassette (Figure 3.  9 b). The cassette was then cloned into pExchange 

plasmid (Figure 3.  9  c) and transformed into S17-1λ E. coli cells. Plasmid was then 

conjugated into Bt Δtdk strain as described in Methods to generate ∆bt4094 strain, 

deletion was confirmed by PCR (Figure 3.  9  d) and sequencing. Deletion in Bt 

involves two recombination events, mediated by the counter-selectable 

pExchange vector, carrying erythromycin resistance gene, and the absence of a 

functional thymidine kinase (tdk) in Bt, which allows for de novo synthesis of 

thymidine in Bt. To generate ∆bt4094+∆bt3780 strain, bt4094 was deleted from 

∆bt3780 (previously constructed by Dr. E Lowe) strain using the same protocol, 

similarly deletion was confirmed by PCR (Figure 3.  9  e) and sequencing.  
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Figure 3.  9 Construction of ∆bt4094 and ∆bt4094+∆bt3780 strains. Panel a: 1000 bases regions 

flanking bt4094 were amplified with PCR Panel b: Flank 1 and Flank 2 regions were annealed 

together with sewing PCR generating 2 kb deletion cassette. Panel c: 2kb deletion cassette was 

cloned into pExchange vector. Panel d:  pExchange vector containing bt4094 deletion cassette 

was conjugated into Bt-tdk- to create ∆bt4094 strain. 3 kb PCR product is produced in a reaction 

using WT genomic DNA and 2 kb PCR product (lacking bt4094 gene -1000 bases) was obtained 

with genomic DNA extracted from ∆bt4094 strain. Panel e: pExchange vector containing bt4094 

deletion cassette was conjugated into ∆bt3780-tdk- strain to generate ∆bt4094+∆bt3780 strain.  

Strains Δbt3780; Δbt4094; and Δbt4094+Δbt3780 were then grown anaerobically 

on 10 mg ml-1 Candida mannan at 37°C, change in absorbance at 590 nm was 

recorded every 15 min for 48 h by an automatic plate reader (Biotek). A single 

deletion of BT4094 had very little effect, whereas Δbt3780 displayed a defective 

phenotype (Figure 3.  10 a), suggesting that BT3780 is the primary enzyme, 

contributing to removal of β-1,2-mannose from C. albicans mannan. Deletion of 

both BT4094 and BT3780 (Δbt4094+Δbt3780 strain) did not abort the ability of the 
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strain to grow on C. albicans mannan (Figure 3.  10 a). This indicated that enzymes 

other than BT3780 and BT4094 are also involved in mannan depolymerisation.  

 

Figure 3.  10 Growth curves of WT Bt; ∆bt4094; ∆bt3780; ∆bt4094+∆bt3780 strains on mannan 

from Candida albicans. Strains were grown in minimal media C. albicans mannan anaerobically at 

37 °C for 48 h. Traces: WT Bt - blue, ∆bt4094 - orange, ∆bt3780 - purple, ∆bt4094+∆bt3780 - teal, 

mannan no growth -  green. Error bars show SE from three technical replicates. Data set is a 

representative of three biological replicates. (b) TLC of spent media from the stationary phase post 

WT Bt; ∆bt494; ∆bt3780; ∆bt4094+∆bt3780 growths. Lane 1: C. albicans mannan without bacterial 

growth, lane 2: spent media taken post ∆bt3780 growth, lane 3 media post ∆bt4094 growth, lane 4 

media post ∆bt4094+∆bt3780 growth. Arrows indicate oligosaccharides that were found in the 

culture supernatant.  

Spent media from the stationary phase was analysed on TLC. The analysis 

showed that the strain Δbt4094+Δbt3780 releases large oligosaccharides in the 

media (Figure 3.  10 b). 10 µl of culture supernatant from the stationary phase was 

then incubated with recombinant BT3780 or BT4094 overnight. Reactions were 

then analysed with TLC. This showed that the large oligosaccharides from the 

supernatants were resolved into mannose by both BT4094 and BT3780 (Figure 3.  

11 a, b). Assays were also further analysed with HPAEC-PAD. Peaks suggestive 
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of oligosaccharides were eluted from the culture supernatant between 34-37min of 

retention time (Figure 3.  11 c). Addition of BT3780 resolved these oligosaccharides 

producing a single peak, which corresponded to the mannose standard (Figure 3.  

11 c). These data indicate that strains Δbt4094+Δbt3780 and ∆bt3780 release β-

1,2-oligosaccharides into the culture supernatant. This also suggests the presence 

of an endo-mannanase which can remove β-1,2 mannosyl caps from C. albicans 

mannan to expose the α-mannan component of the cell wall, which could then be 

disassembled by the enzymes encoded in MAN-PUL1, MAN-PUL2, MAN-PUL3.        
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Figure 3.  11 Biochemical analysis of the ∆bt3780+∆bt4094 culture supernatant. Culture 

supernatant was incubated with BT3780 and BT4094. Panel a: lane 1 oligosaccharides detected in 

the culture supernatant from ∆bt3780+∆bt4094 marked with black arrows, lanes 2 oligosaccharides 

resolved by BT3780. (b) lane 1 and 3: oligosaccharides found in ∆bt3780+∆bt4094 supernatant; 

lane 2 oligosaccharides degraded with BT4094. Panel c: HPAEC-PAD analysis of 

∆bt3780+∆bt4094 supernatant (orange trace), samples were analysed with CarboPac PA200 

column, oligosaccharides were eluted with NaAc gradient and detected between 34-37 min of 

retention time. BT3780 treatment (navy trace) results in a single mannose peak (shaded). 
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3. 3. 2. 2 Characterisation of Bt Δpul1/2/3+Δbt4094 strain 

As previously shown in Cuskin et al. (2015b), Bt Δpul1/2/3 (Δbt2620-

bt2632+Δbt3773-bt3792+Δbt3853-bt3862) could not grow on α-mannan from S. 

cerevisiae. Growth of Bt ∆pul1/2/3 was then assessed on mannan from C. 

albicans. Bt ∆pul1/2/3 was grown on mannan from C. albicans for 48 h. This 

showed that despite not being able to utilise mannan from S. cerevisiae, Bt 

∆pul1/2/3 could still grow on mannan from C. albicans, whilst displaying a severely 

defective phenotype (Figure 3.  12).  

 

Figure 3.  12 Growth of Bt ∆pul1/2/3 on mannan from C. albicans and S. cerevisiae. Bt ∆pul1/2/3 

was grown in minimal media with 10 mg ml-1 mannan from C. albicans or S. cerevisiae 

anaerobically at 37 °C for 48h. Blue trace: growth of Bt ∆pul1/2/3 on S. cerevisiae mannan; Orange 

trace: growth of Bt ∆pul1/2/3 on C. albicans mannan. Mean and error bars are generated from 

three technical replicates. Data set is representative of at least three independent experiments. 

 

We hypothesised that this residual growth of Bt Δpul1/2/3 was driven by the 

activity of the additional β-mannosidase, BT4094, located outside the three 

mannan PULs. To investigate further, a strain Bt Δpul1/2/3+Δbt4094, lacking the 
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three mannan PULs and BT4094, was engineered. This was done by conjugating 

pExchange plasmid, containing Δbt4094 deletion cassette (Figure 3.  9 c), into 

Δpul1/2/3 strain previously constructed by Dr. Elisabeth Lowe, the resulting 

genotype was confirmed by sequencing. Bt Δpul1/2/3+Δbt4094 was grown 

anaerobically on C. albicans mannan for 48 h. Strains previously constructed in 

the lab: Δpul1/2/3, Δpul2, Δpul3, and Δbt4094+Δbt3780 were grown alongside 

and used as controls. Deletion of MAN-PUL3 alone did not affect the ability to 

grow on C. albicans mannan, while deletion MAN-PUL2 resulted in a significant 

growth defect (Figure 3.  13 a). This demonstrates that MAN-PUL2, which includes 

BT3780, remains central in utilisation of mannan from C. albicans, whereas 

absence of the MAN-PUL3 could be compensated by other mannan PULs. TLC 

analysis of spent media from stationary phase of both Δpul2 and Δpul3 showed 

that the strains did not release by-products into the culture supernatant (Figure 3.  

13  c). This is consistent with the ‘selfish’ mechanism described by Cuskin et al. 

(2015).  

Interestingly, deletion of BT4094 in the background of the three mannan PULs 

resulted in a more severe growth defect compared to that seen with Bt Δpul1/2/3 

however the strain was still able to grow on C. albicans mannan (Figure 3.  13 b). 

TLC analysis of spent media showed that the stain released oligosaccharides into 

the culture supernatant (Figure 3.  13 panel d lane 13). Bt Δpul1/2/3+∆bt4094 was 

then grown in 5 ml of minimal media with C. albicans mannan, aliquots were 

collected every hour for 10 h and boiled. Samples were then analysed with TLC. 

This time course assay showed that a faint ladder, suggestive of oligosaccharides, 

started to appear in the culture supernatant 5 hours (OD590=0.4) into growth, and 

as the growth continued bands became more intense (Figure 3. 13 d). These 
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oligosaccharides were refractory to the degradation by recombinant α- (BT3774, 

BT3858, BT2632) or β-mannosidases (BT4094, BT3780) (data not shown). These 

data indicate that while being a β-mannosidase targeting mannosidic linkages in 

mannan from C. albicans, BT4094 did not mediate residual growth of the mutant 

strain Δpul1/2/3 on mannan from Candida albicans and other enzymes are 

involved. 
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Figure 3.  13 Growths of Bt strains: WT Bt, ∆pul3, ∆bt3780+∆bt4094, ∆pul2, ∆pul1/2/3, 

∆pul1/2/3+∆bt4094. Strains were grown on 10 mg ml-1 mannan from C. albicans anaerobically at 

37 °C for 48 h. Error bars show SE from triplicates. Data set is representative of at least three 

independent experiments. Panel a Traces: WT Bt shown in light blue; ∆pul3 green, 

∆bt4094+∆bt3780 in purple, ∆pul2 in yellow, mannan without bacterial growth in magenta. Panel b: 

traces: WT Bt shown in sky blue, ∆pul1/2/3 in tangerine, ∆pul1/2/3+∆bt4094 in midnight blue, 

mannan before growth in magenta. Panels c: TLC analysis of spent media taken post growth of 

indicated strains. Panel d: TLC analysis of spent media of ∆pul1/2/3+∆bt4094 at indicated time 

points. 

3. 3. 3 Whole cell activity against mannan from Candida albicans 

As previously established, Bt degrades mannan from S. cerevisiae in a selfish 

manner. It was then investigated whether Bt deploys a different mechanism for 

degradation of mannan from C. albicans. Bt WT was grown on 5 mg ml-1 C. 
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albicans mannan, cells were harvested from the mid-exponential phase 

(OD590=0.7), washed and resuspended in 1.5 ml PBS. A fraction of cells was 

treated with proteinase K to degrade proteins located on the cell surface. Another 

fraction of cells was treated with BugBuster, a detergent which lyses the cells, to 

examine activity of intracellular enzymes. Cells at equal amounts were incubated 

with 5 mg ml-1 of C. albicans mannan at 37°C. Samples were collected at regular 

intervals, reactions were stopped by boiling. Supernatant was analysed with TLC. 

These assays demonstrated that whole Bt cells cleaved long oligosaccharides 

from C. albicans mannan from the 1h incubation time point onwards, which were 

then gradually degraded into mannose (Figure 3.  14 a lanes 1-5). Bands 

corresponding to these oligosaccharides were much less visible in the proteinase 

K-treated cells (Figure 3.  14 a lanes 6-9) and were not detectable at 1-3h time 

points after cell lysis (Figure 3.  14 a lanes 11-13 ; lanes 17-21). A number of 

controls were also included: cells incubated with PBS without a carbon source and 

substrate resuspended in PBS (Figure 3.  14 panel b). These data indicate that 

degradation of mannan from C. albicans is initiated by the enzymes expressed on 

the surface of Bt. The ladder of oligosaccharides produced by the whole cells 

(Figure 3.  14 a lanes 2-5) is suggestive of a disaccharide and a trisaccharide, which 

are then gradually processed into mannose at the cell surface. It also implies that 

Bt uses a mechanism alternative to the one for utilisation of mannan from S. 

cerevisiae to degrade mannan from C. albicans and needs to be investigated 

further.  
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Figure 3.  14 Activity of the wild type Bt whole cells on mannan from C. albicans. Wild type Bt was 

grown on C. albicans mannan, cells were collected from the mid exponential phase (OD590= 0.6 – 

0.8) and washed. A fraction of cells was treated with Proteinase K (2 mg ml-1) for 2 h at 37˚C. 

Another fraction of cells was lysed with BugBuster. Cells were then incubated with 5 mg ml-1 C. 

albicans mannan, and aliquots were taken indicated time points. Panel (a) 1 Activity of whole cells 

on C. albicans mannan (lanes 1-5) arrows indicate oligosaccharides;  2 Activity of whole cells 

treated with Proteinase K on C. albicans mannan (lanes 6-10); 3 Activity of proteinase K treated 

cells lysed with BugBuster on C. albicans mannan (11-15); 4 Activity of whole cells lysed with 

BugBuster on C. albicans mannan (17-20); Panel (b) Controls: 5 Activity of whole cells without 

substrate (PBS) (lanes 1-5); 6 C. albicans mannan without added cells (lanes 6-10) 
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3. 3. 4 Characterisation of Mannan PUL4 

Using the Cazy database PULDB (Terrapon et al., 2018), it was identified that 

BT4094 is predicted to form a part of PUL 74 which was identified by Martens et 

al. (2018) where bt4080-bt4084 were upregulated in response to a fraction of 

porcine mucosal glycans but bt4094 was not directly upregulated (Figure 3.  15). In 

addition to β-mannosidase BT4094, this PUL contains two pairs of SusCD 

complexes, a number of unknown proteins, GH92s, and a GH38, which are α-

mannosidase families known to orchestrate α-mannan degradation. A general 

requirement for a genetic cluster to qualify as a PUL is the presence of a SusC-

SusD pair. The genetic cluster bt4069-bt4096 was predicted to contain two SusC-

SusD pairs and a pair of SusC-SusD which was separated by two proteins of 

uknonw function. Moreover, given the the lack of data showing co-ordinated 

regulation for the whole PUL, it might be the case that these genes form multiple 

smaller loci. 

Analysis of amino acid sequences of unknown proteins with SMART 

(http://smart.embl-heidelberg.de) and InterPro showed that BT4079 contained a 

Glycoside Hydrolase Superfamily domain, suggesting that it could act as a GH, 

but other than that was not informative. Analysis with BLAST showed these 

proteins were not homologous to other proteins in Bt. An appropriate gene of each 

individual protein within the new PUL were cloned into a separate pET28a-vector 

by a biotechnology company, NZYtech (Portugal). Each gene was cloned into the 

vector to contain a C-terminal poly-Histidine tag, allowing for the purification by 

IMAC (Chapter 2 Section 2. 3. 13). 

 Proteins were expressed in TUNER, purified with IMAC, 100 mM Imidazole 

elutions were analysed with SDS-PAGE. With the exception of BT4084 and 
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BT4078, soluble proteins of appropriate sizes were obtained (Figure 3.  16). Protein 

sizes are summarised in Table 3. 1. 

 

Figure 3.  15 Diagram of potential Mannan-PUL4 (BT4069-BT4096) as predicted by PULDB. GH: 

glycoside hydrolase; Unk: function unknown; est: esterase; CBM: carbohydrate binding module; 

SusC-SusD: transport proteins; SusR-ECF-σ/anti-σ: regulators.  

 

Figure 3.  16 SDS-PAGE gel of recombinant proteins from the mannan PUL-4. Proteins were 

purified with IMAC. 100 mM imidazole elutions were resolved on 12.5% SDS-PAGE gel. Wide-

range molecular weight marker (Sigma, UK) was used to determine protein sizes. 
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Table 3.  1 Table of molecular weight, GH-family, and known functions of proteins in Mannan PUL-

4.  
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3. 3. 5 Glycoside hydrolases 92 from Mannan PUL4 

MAN-PUL4 was predicted to contain 3 GH92s: BT4092, BT4073, BT4093. These 

GH92s were previously characterised by Zhu et al. (2010). All GH92s were shown 

to be Ca+2 dependent therefore all reactions were carried out in 50mM MOPS 

containing 2mM CaCl2,  

BT4092GH92, BT4093GH92, BT4073GH92 at 1µM were tested against 1 mM α-linked 

mannobiose substrates and 1 mg ml-1 mannan from S. cerevisiae, C. albicans, 

and Gilmaniella spp. overnight. In line with data from Zhu et al. (2010), BT4092 

was active against α-1,2-mannobiose (Figure 3.  17  a) as well as mannan from both 

S. cerevisiae and C. albicans (Figure 3.  17  d). This indicates that a fraction of 

sidechains in mannan from C. albicans lack β-mannosylation.  Both BT4073 and 

BT4093 could hydrolyse α-1,4-mannosidic linkage (Figure 3.  17  b and c), however 

BT4073 and BT4093 also showed incomplete activity on α-1,2- and α-1,3 linked 

disaccharides (Figure 3.  17  b and c). Neither BT4093 nor BT4073 were active on 

mannan from S. cerevisiae (Figure 3.  17  c). Interestingly BT4093 but not BT4073 

displayed activity on mannan extracted from a soil yeast Gilmaniella spp (Figure 3.  

17  f), which was provided as a gift by Jiangsu Key lab (Nanjing, China) to Dr. 

Fiona Cuskin. Chen et al. (2016) performed NMR analysis of mannan from 

Gilmaniella spp, which was able to identify that its sidechains were capped with α-

1,4-mannosyl linkages. This is the only study to date that reports α-1,4-mannosidic 

bonds to be found in nature (Chen et al., 2016). 
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Figure 3.  17 Activity of GH92s from the MAN-PUL4 against α-linked mannobiose substrates and 

yeast mannan. Enzymes 1 µM were assayed against 1 mM α-1,2- α-1,3- α-1,4- and α-1,6- 

mannobiose substrates as well as 1 mg ml-1 yeast mannan substrates overnight. Panel a: BT4092 

displays activity α-1,2 mannobiose; Panel b: BT4073 displays activity on α-1,4-mannobiose and 

trace activity on α-1,2-mannobiose; Panel c: BT4093 is active against α-1,4-mannobiose, trace on 

α-1,3-mannobiose; Panel d: BT4092 releases mannose from mannan from both S. cerevisiae and 

C. albicans; Panel e: BT4093 and BT4073 do not show activity on mannan from S. cerevisiae; 

Panel f: BT4093 but not BT4073 releases mannose from Gilmaniella spp. mannan. 

3. 3. 6 Characterisation of BT4072GH38 

BT4073 is flanked by BT4072 and BT4074 in MAN-PUL4 (Figure 3.  15). BT4072 is 

predicted to belong to the GH38 family. Bt genome encodes only two GH38s: 
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BT4072 and BT3774, a previously characterised α-1,3- and α-1,2-mannosidase 

from MAN-PUL2 (Cuskin et al., 2015b).  

The amino acid sequence of BT4072 was aligned with other characterised GH38s 

listed in Cazy.org database, using Clustal Omega. Phylogenetic analysis was 

carried out in phylogeny.fr (http://www.phylogeny.fr). This showed that BT4072 

was not homologous to any of the characterised GH38s, sharing 20 % identity 

with BT3774. Phylogenetic analysis showed that BT4072 positions on the same 

branch with a GH38 from Streptococcus pyogenes (Spy1604) (Figure 3.  18). 
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Figure 3.  18 Phylogenetic tree of characterised GH38s. The tree was constructed using 

phylogeny.fr, BT4072 positions on the same branch with a GH38 from S. pyogenes, blue box, 

BT3774 -yellow box.  

GH38s are metal dependent enzymes, and the majority of the GH38s require Zn+2 

for activity (Suits et al., 2010), however BT3774 showed preference for Ca+2 
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(Cuskin et al., 2015b), therefore all initial reactions with BT4072 were carried out 

in 50 mM MOPS containing 2 mM CaCl2.  

BT4072 was assayed against 4 types of α-linked mannobiose substrates 

overnight. Reactions were analysed with TLC. BT4072 displayed specificity for α-

1,2-mannosidic linkage (Figure 3.  ). α-1,2-mannosidase activity was further 

investigated and 1 µM enzyme was tested against 5 mg ml-1 mannan from S. 

cerevisiae and C. albicans, BT4072 did not display activity (data not shown). 

 

Figure 3.  19 Activity of BT4072 on α-linked mannobiose substrates. BT4072 was assayed with 1 

mM of α-1,2- α-1,3- α-1,4 and α-1,6 mannobioses overnight at 37 °C. BT4072 shows activity on α-

1,2 mannobiose and trace activity on α-1,4-mannobiose 

S. pyogenes GH38 was previously characterised as α-1,3-mannosidase, which 

deconstructs Man5GlcNAc2 to Man3-4GlcNAc2, once α-1,2 decorations of High 

Mannose N-glycan (HMNG) have been removed (Figure 3.  ) (Suits et al., 2010). 

Given the activity of BT4072 against α-1,2-mannobiose, it was then investigated if 

BT4072 can act on HMNG from RNaseB (Sigma, UK). 1 µM enzyme was 
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incubated with 10 mg ml-1 RNaseB overnight, reaction was analysed with TLC. 

Diphenylaniline (DPA) stain was used to visualise HMNG to stain substrates 

containing acetylated sugars, such as GlcNAc or Sialic Acid. BT4072 liberated 

mannose from RNase B, suggesting that the enzyme can hydrolyse α-1,2-linkages 

found in RNaseB HMNG (Figure 3.  19 lane 2)  

Degradation of HMNG in Bt is orchestrated by a PUL distinct from three mannan 

PULs (Cuskin et al 2015). Bt HMNG PUL contains an endo-acting BT3987GH18 

localised to the cell surface, and 3 GH92s: BT3990, BT3991, BT3994. BT3987GH18 

releases Man9GlcNAc from the surface of the glycoprotein by targeting β-1,4-

glycosidic linkage found between the two GlcNAcs at the core of the glycan (Figure 

3.  ). Further degradation of Man9GlcNAc is mediated by BT3990GH92 and 

BT3991GH92, cleaving α-1,2 and α-1,3-mannosyl linkages, respectively, to 

generate Man3GlcNAc (Zhu et al., 2010, Cuskin et al., 2015b) (Figure 3.  ). 

BT3987GH18, BT3990GH92, and BT3991GH92 were used to assess activity of BT4072 

on HMNG.  
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Figure 3.  20 Schematic illustration of High Mannose N-glycan (HMNG) found in Ribonuclease B. 

Mannose is labelled by a green circle, GlcNAc is shown with a blue square (a) Man5-9GlcNAc is 

liberated from the glycoprotein by BT3987GH18, GH92 α-1,2-mannosidase BT3990 degrades Man5-

9GlcNAc to Man5GlcNAc, GH92 α-1,3-mannosidase BT3991 produces Man3GlcNAc (b) Proposed 

model for BT4072GH38 activity on HMNG. 

Assays containing 10 mg ml-1 RNaseB and a range of enzyme cocktails 

comprising of various combinations of BT3987GH18, BT3990GH92, BT3991GH92, and 

BT4072GH38 (as indicated) all at 5 µM were incubated overnight. Reactions were 

analysed with TLC and DPA stain was used to visualise glycans.  

N-glycan release from RNaseB by BT3987GH18 was indicated by the ladder 

produced (Figure 3.  19 lane 3). Mannose was generated by both BT3990GH92 and 

BT3991GH92, lane 5 and 9, respectively (Figure 3. 21). The combination of 

BT3987GH18 and BT3990GH92 produced mannose and Man5GlcNAc, as the ladder 

generated by BT3987 resolved into one clear band (Figure 3.  19 ane 7). This band 
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then underwent a visible shift (Figure 3.  19 lane 14) when BT3991GH92 was co-

incubated with BT3987GH18 and BT3991GH92 cocktail, yielding mannose and 

Man3GlcNAc (Figure 3.  19 lane 13). This model was then used to assess the 

specificity of BT4072.  

Similarly to what was observed in lane 7 with BT3990GH92, the ladder generated by 

BT3987GH18 also resolved into one distinctive band post BT4072GH38 treatment 

(Figure 3.  19). This band then again shifted (Figure 3.  19 lane 13) when BT3991GH92 

was tested along with BT3987GH18 and BT4072GH38. A control reaction was also 

set up where all 4 enzymes: BT3987GH18, BT3991GH92, BT3990GH92, and 

BT4072GH38 were added simultaneously, which did not trigger any further band 

movements, indicating that further degradation did not occur (Figure 3.  19 lane 15). 

This analysis shows that BT4072GH38 acts as an α-mannosidase, which can 

remove α-1,2-linked mannoses from the HMNG to produce Man6GlcNAc, making 

the underlying α-1,3-mannosidic bonds accessible to BT3991GH92 (Figure 3.  ). This 

suggests that BT4072GH38 displays a similar α-1,2-mannosidic activity to 

BT3990GH92.   
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Figure 3.  19 RNase B degradation by α-mannosidases: BT3990GH92; BT3991GH92, and 

BT4072GH38. Enzymes BT3987GH18, BT3990GH92, BT3991GH92, and BT4072GH38 were tested against 

RNase B overnight 37 °C. Mannose – green circle, GlcNAc – Blue square, respectively. Lane 1: 

undigested RNase B; lane 2 BT4072GH38 releases mannose from RNase B; lane 3 BT3987GH18 

releases Man9GlcNAc from RNase B; lane 4 activity of BT4072GH38 on Man5-9GlcNAc; lane 5 

BT3990GH92 releases mannose from RNase B; lane 6 BT3990GH92 and BT4072GH38 against RNase 

B; lane 7; BT3990GH92 acts on Man9GlcNAc; lane 13 BT3991GH92 and BT4072GH38 degrade Man5-

9GlcNAc; lane 14 BT3990GH92 and BT3991GH92 act on Man9GlcNAc, lane 15 BT4072GH38, 

BT3991GH92, and BT3990GH92 against Man9GlcNAc. 

3. 3. 7 Characterisation of enzymes from Mannan PUL4 

To investigate whether any of the remaining proteins in MAN-PUL4 were able to 

degrade C. albicans mannan more effectively, 9 proteins from the MAN-PUL4 

(BT4095, BT4072, BT4086, BT4076, BT4077, BT4079, BT4080, BT4075, 
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BT4074), at concentrations ranging between 1-10 µM were combined into one 

reaction and assayed against 1 mg ml-1 C. albicans mannan. Proteins were also 

mixed in different combinations in an attempt to reveal activity. All reactions were 

carried out overnight and analysed with TLC. Figure 3. 22 a shows that bands 

suggestive of sugars were released from C. albicans mannan by BT4074. Addition 

of mannose standard to these reactions revealed that both products resolved on a 

different level to mannose (data not shown), however it was not possible to 

identify these sugars. The rest of the assayed proteins did not display activity 

against C. albicans mannan (Figure 3.  20).  

 

Figure 3.  20 TLC of one pot reaction. Proteins at 1-5 µM were combined into a set of reactions 

(Panel a and b) and tested against mannan from C. albicans (1 mg ml-1) overnight 37 °C. None of 

the proteins displayed enzymatic activity against mannan. 
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3. 3. 8 In vivo characterisation of Mannan-PUL4 

With the exception of BT4094, recombinant proteins from MAN-PUL-4 did not 

display activity on mannan from C. albicans, therefore, to investigate if it 

contributes to C. albicans mannan degradation in vivo, a set of new deletions was 

introduced into Bt. Bt strains lacking MAN-PUL4 and MAN-PUL1/2/3/4 were 

created as described in Methods. Briefly, 1000 kb regions upstream and 

downstream of MAN-PUL4 were amplified and stitched together with a sewing 

PCR to generate a 2 kb deletion cassette. The deletion cassette was then cloned 

into pExchange vector and conjugated into Bt Δtdk strain or ∆pul1/2/3 strain, to 

construct ∆pul4 and ∆pul1/2/3/4 strains, respectively. Genotypes were confirmed 

by PCR and sequencing. 

The ability of the newly generated strains Δpul4 and Δpul1/2/3/4 to utilise C. 

albicans mannan was then assessed. Deletion of MAN-PUL4 alone did not affect 

the growth of Bt on C. albicans mannan, as Bt Δpul4 displayed growth similar to 

the one seen with the wild-type Bt (Figure 3.  21 a). Unexpectedly, deletion of MAN-

PUL4 in the strain Δpul1/2/3 partially rescued the previously seen phenotype as 

the strain Δpul1/2/3/4 displayed robust growth on mannan from C. albicans (Figure 

3.  21). Interestingly, the growth phenotype of ∆pul1/2/3/4 resembled the 

phenotype of Δpul-2 strain (Figure 3.  13 a).  

Cell-free spent media taken from the stationary phase of ∆pul1/2/3/4 was then 

analysed with TLC, which revealed that the strain liberated a ladder of 

oligosaccharides (Figure 3.  21 b). These data indicate that the residual growth of 

∆pul1/2/3 strain on mannan from C. albicans is not mediated by the activity of 

MAN-PUL4, strongly suggesting that an additional locus or loci orchestrate 

breakdown of C. albicans mannan. These data also suggest that MAN-PUL4 may 
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contain a regulator for this putative locus and thus deletion of the MAN-PUL4 in 

Δpul1/2/3 strain enhanced its expression, giving rise to a new phenotype. This 

was an unexpected result and the genomes of the new strains Δpul1/2/3/4 and 

Δpul4 were sequenced by MicrobesNG (Birmingham, UK) to confirm that other 

mutations had not been introduced. Sequencing confirmed that the appropriate 

deletions were present and random recombination events did not occur. This 

supports the hypothesis that deletion of the MAN-PUL4 in Δpul1/2/3 triggered 

upregulation of an additional locus in the genome, permitting growth of Δpul1/2/3/4 

strain on mannan from C. albicans. 

 

Figure 3.  21 Growths of WT Bt, Bt ∆pul4, Bt ∆pul1/2/3/4, and B t∆pul1/2/3 on mannan from 

Candida albicans. Strains were grown on 10 mg ml-1 mannan in minimal media anaerobically 37 °C 

for 48h. Mean and error bars were generated from three technical replicates; the data set is 

representative of at least three biological replicates. Growth curves were normalised to background 

mannan OD600. Panel a: traces: WT Bt – green; Bt ∆pul4 – pink; Bt ∆pul1/2/3/4 – navy, Bt 

∆pul1/2/3 – teal, mannan without bacterial growth – mustard. Panel b: TLC analysis of cell free 

supernatant from the stationary phase after growth of indicated strains. Arrows in lanes 7-8 

indicate oligosaccharides found in spent media of Bt Δpul1/2/3/4 strain.    
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It was then investigated if deletion of MAN-PUL4 restored growth of Bt Δpul1/2/3 

on mannan from S. cerevisiae. The strain Δpul1/2/3/4 was grown alongside 

Δpul1/2/3 on S. cerevisiae mannan. Unexpectedly Bt Δpul1/2/3/4 displayed robust 

growth on S. cerevisiae mannan, which was preceded by an 18-hour lag phase 

(Figure 3.  22 a). Consistent with previous data, Δpul1/2/3 did not grow on mannan 

from S. cerevisiae (Figure 3.  22 a). Supernatant from the stationary phase was 

analysed with TLC. This did not reveal any extracellular activity (Figure 3.  22 b) 

 

Figure 3.  22 Growth analysis of Bt WT, Bt Δpul1/2/3/4, and Bt Δpul1/2/3 on mannan from S. 

cerevisiae. Strains were grown in minimal media with 10 mg ml-1 mannan at 37 °C for 48 hours. 

Mean and error bars were generated from 3 biological repeats. Curves were normalised to 

mannan. Panel a: traces: WT – green; Δpul1/2/3/4 – navy; Δpul1/2/3 – sky blue; mannan without 

bacterial growth – mustard. Panel b: TLC analysis of the cell free supernatant from WT, 

Δpul1/2/3/4, and Δpul1/2/3 strains at stationary phases.  
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3. 3. 9 Mannan from mnn1, mnn5, and mnn2 S. cerevisiae mutants 

Less complex yeast mannan variants were used to further explore the unexpected 

phenotype of Δpul1/2/3/4 strain. Ballou and co-workers (Raschke et al., 1973, 

Ballou et al., 1980) have created a library of deletion strains in S. cerevisiae, 

lacking various mannosyltransferases, which produce mannan with different 

sidechain decorations. Here, mannan from mnn1, mnn5, and mnn2 strains was 

used (Figure 3.  23). The mnn1 strain is defective in MNN1 α-1,3-

mannosyltransferase and therefore lacks α-1,3-linked mannoses in the side 

chains; mnn5 mutant produces α-1,6 backbone with a single α-1,2-linked 

mannose attached due to low activity of α-1,2-mannosyltransferase II, which 

extends the side chains; mannan from mnn2 strain is composed of a long α-1,6-

linked backbone as the strain does not possess an α-1,2-transferase to initiate 

side chain biogenesis (Ballou et al., 1980, Raschke et al., 1973).  Schematically, 

mannan variants produced by the three strains are shown in Figure 3.  23. Mannan 

extraction was performed from appropriate yeast strains as described in Methods.     

 

Figure 3.  23 Architecture of mannan variants extracted from the wild type, mnn1, mnn5, and mnn2 

S. cerevisiae strains. Wild type mannan is show for comparison. Mnn1 mannan is composed of α-

1,6-backbone with two α-1,2-linked mannoses attached. Mnn5 mannan retains a single α-1,2 

linked mannose attached to the α-1,6-mannan backbone. Mnn2 mannan contains linear α-1,6-

linked mannan backbone. Mnn1 and mnn5 mannan retains phosphomannan, whereas mnn2 

mannan does not.      
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Δpul1/2/3/4 was grown on 10 mg ml-1 mannan from mnn1, mnn5, mnn2, and the 

wild type S. cerevisiae for 48 h. Δpul1/2/3/4 grew on mannan from the wild type S. 

cerevisiae (Figure 3.  24 a). Unexpectedly, when this strain was grown on less 

branched mnn1 and mnn5 mannan variants, it displayed a growth defect but was 

still able to grow (Figure 3.  24 b-c). Interestingly, Δpul1/2/3/4 was able to robustly 

use mnn2 mannan, composed of a linear α-1,6 mannan backbone, but exhibited a 

12-h lag phase (Figure 3.  24 d). Analysis of culture supernatant from the stationary 

phase with TLC showed that a ladder of oligosaccharides was released into the 

media when Δpul1/2/3/4 was cultured on mnn2 but not on mnn1 or mnn5 α-

mannan (Figure 3.  25 a). Cells from these cultures were also collected, washed, 

and incubated overnight with all four mannan variants, as demonstrated in Figure 3.  

25. Whole cell assays showed that Δpul1/2/3/4 was able to liberate a ladder of 

oligosaccharides from mnn2 mannan and mannose from other more complex 

mannan polymers (Figure 3.  25 b-e). Activity of the cells was independent of the 

mannan variant the strain was grown on. These data indicate that, despite lacking 

the main mannan degrading apparatus, Δpul1/2/3/4 is still able to utilise less 

complex mannan variants. Combined with the activity of the whole cells, these 

data suggest that Bt Δpul1/2/3/4 possesses exo-acting mannosidases, which 

allow for depolymerisation of complex mannan polymers. The ladder of 

oligosaccharides generated in response to mnn2 mannan indicates the presence 

of a functional endo-acting surface mannanase, which breaks down α-1,6 linked 

backbone. Due to a limited substrate availability, it was not possible to repeat the 

same set of experiments with Δpul1/2/3 strain. 
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Figure 3.  24 Growth analysis of Bt Δpul1//2/3/4 on indicated S. cerevisiae mannan variants. 

Bacteria was grown on 10 mg ml-1 substrate in minimal media anaerobically at 37 °C for 48 h. 

Mean and error bars were generated from three biological replicates, data are representative of 

three independent experiments. Curves were normalised to mannan OD600 shown in mustard. 

Panel a: growth of Δpul1/2/3/4 on wild type mannan (navy); panel b: Δpu1l/2/3/4 vs mnn1 mannan 

(pink); panel c: Δpul1/2/3/4 vs mnn5 mannan (orange), panel d: Δpul1/2/3/4 vs mnn2 mannan 

(teal). WT Bt is shown in green in all panels. 
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Figure 3.  25 Analysis of Δpul1/2/3/4 growth on α-mannan variants. Panel a: TLC analysis pf spent 

media taken from stationary phase after growths shown in Figure 3.26. Panels b-e, activity of 

Δpul1/2/3/4 cells collected after growths on WT (b), mnn1 (c), mnn5 (d), mnn2 (e) mannan variants 

shown in Figure 3.26 against indicated mannan substrates. Arrows show oligosaccharides, 

mannose is shown as a green circle. Data are representative of 2 technical repeats.   

3. 3. 10 Possible endo-acting mannanases in Bt Δpul1/2/3/4 

The ability of Δpul1/2/3/4 to grow on both C. albicans and mnn2 mannan was 

highly unexpected. Previous transcriptomics analysis by Martens et al. (2008) 

identified that three PULs were upregulated in Bt in response to α-mannan. These 
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were characterised by Cuskin et al. (2015b). Martens et al. (2008) also showed 

that α-mannan induced low expression of the bt2559-bt2260 SusCD pair, but the 

activation of this complex was stronger in response to LacNAc or porcine mucins. 

Moreover, this pair is located in a literature-derived PUL, which is not predicted to 

contain enzymes. Analysis of nearby proteins did not reveal any potential mannan 

specific enzymes. However, combined data presented in this chapter suggested 

that degradation of mannan from C. albicans requires additional enzymes. Growth 

of Bt Δpul1/2/3/4 on mnn2 mannan suggested that an additional α-1,6 endo-

mannanase is expressed on the cell surface.  

Bt encodes nine α-1,6 endo-mannanases, four of which (BT2623 and BT2631, 

BT3782 and BT3792) are located in MAN-PUL1 and MAN-PUL2, respectively 

(Table 3. 2). The remaining five (BT3501, BT3521, BT3524, BT2949, BT3301) 

encoded outside three mannan PULs (Table 3. 2). The gene region BT2620-

BT3532 is a possible mannan PUL, as it contains two GH76 endo-mannanases 

(BT3521 and BT3524) two GH92 α-mannosidases (BT3530 and BT3527) and one 

GH125 α-1,6-mannosidase, BT3528. The extensive analysis of GH92s from Bt 

previously conducted in our lab showed that the two GH92: BT3530 and BT3527 

display activity against yeast α-mannan (Zhu et al., 2010). SignalP analysis of 

both GH76s, BT3524 and BT3521, showed that they carry SPI and SPII N-

terminal signals, respectively. This suggested that BT3521 could act as a surface 

mannanase. The two other candidates for possible endo-mannanases could be 

BT3301 and BT2949, both of which contain SPII sites, indicating that they are 

probably localised to the cell surface. BT3301 displayed activity on linear α-1,6-

backbone of yeast α-mannan but not against branched mannan variants (Chapter 
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4). The PUL containing BT2949, also encodes for BT2948, GH92, previously 

characterised in our lab to be active against yeast α-mannan (Zhu et al., 2010) 

 

Table 3.  2 GH76 in Bt. Bt encodes 9 GH76, located in indicated PULs. Signal peptide was 

assessed with SignalP 5.0. “✓” – genes present, “╳” – genes deleted. 

To test whether any of these GH76 mediated mannan breakdown in Δpul1/2/3/4, 

their expression was quantified by qPCR. WT Bt and Bt Δpul1/2/3/4 were grown in 

minimal media on S. cerevisiae mannan or glucose to mid-exponential phase 

(OD600= 0.6-0.8). Cells were collected and RNA was extracted with RNeasy Mini 

Kit (Qiagen, Germany). RNA was converted to cDNA with QuantiTec Reverse 

transcription kit (Qiagen, Germany). The relative levels of expression of bt3501, 

bt3521, bt2949, bt3301 were determined by qPCR using primers specific for each 

gene and compared to glucose-grown cells. This analysis showed that none of 

these GH76 were significantly upregulated in Δpul1/2/3/4 in response to S. 

cerevisiae mannan (Figure 3.  ). This indicates that these enzymes are not 
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upregulated in Δpul1/2/3/4 and it still remains unclear, which enzymes are 

contributing to mannan breakdown in this strain.  

 

Figure 3.  28 Expression of GH76s in Bt Δpul1/2/3/4 and Bt WT in response to S. cerevisiae 

mannan. Expression levels shown are relative to glucose-grown cells. Δpul1/2/3/4 is shown in 

green, WT Bt is in yellow, error bars show SE from 3 biological replicates. 

3. 3 Discussion 

This chapter aimed to characterise the breakdown of C. albicans mannan by Bt. 

This process involves enzymes from the GH130 family to remove the β-

mannosidic linkage which uniquely cap this mannan. The GH130 family is 

comprised of exo-β-mannoside phosphorylases and exo-β-mannosidases. 

Phosphorylases use phosphate to initiate nucleophilic attack at C1 of Man1 at the -

1 subsite to cleave glycosidic bonds. This mechanism is mediated by the three 

highly conserved basic amino acid residues (Ladevèze et al., 2015). Glycoside 

hydrolases lack these three basic amino acids to interact with the phosphate but 

contain lysine at the active site, which was suggested to interact with O2 of Man2 
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and allow water to act as a nucleophile. This lysine residue also acts as a 

specificity determinant for β-1,2-mannosides (Cuskin et al., 2015a).  

Two additional glycoside hydrolases, BT4094 and CaGH130, from the GH130 

family were biochemically characterised in this chapter. Both BT4094 and 

CaGH130 were able to hydrolyse β-1,2-mannooligosaccharides, released from C. 

albicans mannan, into mannose, in a similar manner to BT3780. However, despite 

this, all three GH130s exhibited different enzymatic activity against complex β-1,2-

mannosyl substrates, such as mannan from C. albicans. The spectrophotometric 

assays indicated that BT3780 acts as a broad specificity β-1,2-mannosidase, 

whereas BT4094 and CaGH130 display narrower specificities against β-mannan. 

Generally, enzymes from the GH130 family can recognise a range of sugars at the 

+1 subsite, which could be glucose, mannose, or GlcNAc. The crystal structure of 

BT3780 showed Lys199 determines β-1,2-mannosidic activity, as it recognises 

mannose at the +1 subsite (Cuskin et al., 2015a). In BT3780, three main residues, 

Lys199, Arg89, and Glu141 interact with O2, O3, O4, and O6, of Man2 (Cuskin et 

al., 2015a), indicating that BT3780 lacks interactions with O1 and therefore can 

recognise mannose in both β- and α- configurations. This suggests that BT3780 is 

probably capable of removing β-mannosyl caps from C. albicans mannan. It is 

possible that BT4094 and CaGH130 can only cleave glycosidic bonds between 

sugars in β-configuration but both proteins possess identical Lys199, Arg89, and 

Glu141, suggesting that narrow specificity of these enzymes for C. albicans 

mannan is mediated by other structural residues. However, the overlay of a 

predicted structure of BT4094 with BT3780 did not reveal any obvious differences. 

Activity of BT4094 and CaGH130 could be further analysed with small manno-

oligosaccharides such as man-β1,2-man-α1,2-man or mannan from C. albicans 
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strains, which contains a single β-1,2 mannose attached to α-mannan in the acid 

stable mannan, such as that found in Cabmt4 strains (Mille et al., 2008). In 

addition, C. albicans deficient in BMT5 and BMT6 produce cells walls with 

aberrant β-mannosylation of phospholipomannan (PLM) (Mille et al., 2012, 

Murciano et al., 2011). Therefore, it would be interesting to examine whether any 

of these enzymes display preference for acid stable or acid labile β-mannan of the 

cell wall. A crystal structure of both BT4094 and CaGH130 may provide further 

understanding of substrate recognition.  

Analysis of kinetic parameters of BT4094 and CaGH130 suggested that these two 

enzymes probably perform two biologically distinct roles. Indeed, BT4094 contains 

a SPII cleavage site, indicating that it is probably located on the cell surface, and 

is likely to be one of the enzymes which produces extracellular mannose in assays 

with whole Bt cells. In contrast, CaGH130 lacks a signal peptide, suggesting that it 

performs its function intracellularly. An extensive transcriptomic analysis by 

Azadmanesh et al. (2017) and Witchley et al. (2019) showed that this enzyme is 

upregulated in hypha inducing conditions. Hyphal morphology is usually 

associated with virulence, however an extensive screen of C. albicans deletion 

strains showed that the absence orf19.6637 did not result in defective virulence, 

morphogenesis, or proliferation (Noble et al., 2010). Another study showed that 

orf19.6637 is down regulated upon adaptation of C. albicans to the anaerobic 

environment of murine gut (Znaidi et al., 2018). In C. albicans formation of hyphae 

is a stress response mechanism, which is triggered by changes in nutritional or 

environmental cues, and results in extensive cell wall reorganisation (Ballou et al., 

2016, Sherrington et al., 2017, Pradhan et al., 2018).This therefore suggest that 

orf19.6637 can potentially modulate mannosylation of glycoproteins intracellularly, 
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contributing to the process of cell wall remodelling, however its exact function 

needs to be further investigated.  

 

The second part of this chapter attempted to characterise the role of two β-

mannosidases from Bt in the breakdown of C. albicans mannan. Deletion of 

BT4094 did not result in a defective phenotype in vivo, demonstrating that the loss 

of this enzyme is not critical and could be compensated by BT3780. In contrast, Bt 

strain lacking BT3780 displayed a growth defect, suggesting that BT3780 is one of 

the key enzymes driving C. albicans mannan depolymerisation in Bt. 

Unexpectedly, simultaneous deletion of both β-mannosidases, BT3780 and 

BT4094, did not completely abort the ability of Bt to utilise C. albicans mannan but 

only slightly reduced it. Analysis of the supernatant from the stationary phase 

revealed that the strain Δbt3780+Δbt4094 liberates a ladder of β-

mannooligosaccharides. A similar ladder was generated in the whole cell assays. 

This ladder of oligosaccharides was retained in the extracellular milieu even when 

all four mannan PULs were deleted. Combined, this suggests the presence of an 

additional putative endo-acting mannanase, which can cleave β-1,2-

mannooligosaccharides from C. albicans mannan. This putative enzyme is not 

encoded in PUL-4 or three characterised mannan PULs. To date, any of the GH 

families are not known to contain enzymes with such activity, making it difficult to 

identify potential candidates. It is also possible that β-mannooligosaccharides can 

be released from mannan with an uncharacterised enzyme from the GH99 family.  

Attempted degradation of C. albicans mannan using enzymes from MAN-PUL1, 

MAN-PUL2, MAN-PUL3 in various cocktails were not sufficient to expose the α-

1,6 backbone for endo-mannanases. The architecture of C. albicans mannan is 
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more complex compared to S. cerevisiae α-mannan. Ballou et al. (1974) 

suggested that the longest sidechain in S. cerevisiae mannan is a 

pentasaccharide composed of man-α1,3-man-α1,3-man-α1,2-man-α1,2-man, 

whereas in C. albicans sidechains are decorated with β-1,2 mannosyl caps, 

extending them up to an octasaccharide at some branch points (Shibata et al., 

2007). Moreover, some α-1,3 sidechains within the matrix are capped with single 

α-1,6-mannosides (Shibata et al., 2007). It is possible that these features sterically 

restrict mannan from degradation by the enzymes in MAN-PUL1-2-3 and, thus, 

making it possible that depolymerisation of C. albicans mannan requires a more 

extensive repertoire of enzymes.  

Experimental data indicated that MAN-PUL2, encoding BT3780, plays a crucial 

role in C. albicans mannan breakdown, as its deletion resulted in a profound 

growth defect. However, Bt strain lacking three mannan PULs was still able to 

utilise C. albicans mannan. The second β-mannosidase, BT4094, is enclosed in a 

completely different PUL in the genome of Bt. This PUL was hypothesised to 

mediate the residual growth of Δpul1/2/3 on C. albicans mannan. Surprisingly, 

deletion of PUL-4 in the background of three mannan PULs partially rescued a 

previously defective phenotype of Δpul1/2/3. The restored ability of the new 

Δpul1/2/3/4 strain to grow on mannan from C. albicans and S. cerevisiae was 

highly unexpected but suggested that mannan breakdown could be mediated by 

an additional putative locus. It was hypothesised that this additional locus would 

contain an endo acting GH76, which we attempted to identify by qPCR. This 

however showed that none of the GH76 grouped in known PULs were 

upregulated in Δpul1/2/3/4 in response to mannan. Comparative proteomics or 

transcriptomics might be able to identify this additional PUL.  
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These data also suggested that MAN-PUL4 contains a regulator for this putative 

locus. Regulation of PUL expression in Bacteroides spp. occurs via 3 known 

mechanisms. In starch utilisation system (Sus), constitutively expressed SusR 

controls transcription of structural proteins within the system by enhancing their 

expression in response to maltose and longer glucose polymers (D'elia and 

Salyers, 1996b, Cho et al., 2001). Mucin O-glycan degrading PULs are regulated 

by sigma factor (ECF- σ)/ anti-σ factor pairs, where the extracytoplasmic sigma 

factor is repressed by a transmembrane anti-σ factor, which interacts with SusC 

(Martens et al., 2008).  In inducible conditions, TBDT undergoes a conformational 

change and releases sigma-factor, which then controls gene expression (Davis et 

al., 2017). Some PULs, including MAN-PUL1 and MAN-PUL2, are regulated with 

Hybrid Two Component Systems (HTCS), which involve a multi-step 

phosphorylation cascade in response to an inducible factor (Lowe et al., 2012). 

Interestingly, upstream of BT4072, MAN-PUL4 contains a SusR (BT4069) and a 

sigma factor (ECF-σ) (BT4070), located next to a protein of unknown function, 

BT4071. BlastP search showed that BT4071 shares 64% identity with an anti-σ 

factor from Bacteroides faecis. Generally, ECF-σ is co-encoded with its own anti-σ 

factor (Davis et al., 2017), suggesting that it is probable that BT4071 acts as an 

anti-σ factor. A possible explanation for the unexpected phenotype of Bt 

∆pul1/2/3/4 could be that the loss of the natural target for the regulatory complex 

(SusRBT4079-ECF-σBT4070-anti- σBT4071) resulted in aberrant expression of additional 

putative loci, mediating mannan breakdown. This hypothesis could be tested by 

deletion of SusRBT4079-ECF-σBT4070-anti- σBT4071 in Bt ∆pul1/2/3/4 to investigate 

whether the unusual phenotype is lost. Alternatively, the regulatory complex could 

be disrupted by deletion of the anti- σBT4071 factor in Bt ∆pul1/2/3 to investigate 
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whether this could be sufficient to rescue the ability of the strain to utilise yeast α-

mannan.  

Data presented in this chapter indicates that PUL4 is not essential for mannan 

utilisation. Deletion of this PUL did not affect the ability of Bt to grow on mannan. 

Recombinantly expressed proteins from PUL4 did not display activity against C. 

albicans mannan when they were assayed either individually or combined in 

cocktails. An extensive transcriptome analysis by Martens et al. (2008) showed 

that the gene region bt4080-bt4084 is upregulated in vitro in response to PGM and 

not yeast α-mannan. This was also replicated by Marcobal et al. (2011), who 

showed that the region bt4079-bt4084 was upregulated in response to PGM. A 

recent study by Zimmermann et al. (2019) demonstrated that Bt actively converts 

18 drugs to 41 different metabolites, using a range of carbohydrate esterases. In 

this study, it was shown that BT4096, an esterase downstream of BT4094, 

deactylates diltiazem, a calcium channel blocker used to treat hypertension and 

angina. BT4075 performs metabolism of roxatidine acetate, an H2 antagonist 

used to treat gastric ulcers. Protein of unknown function, BT4091, was 

characterised as an esterase contributing to metabolism of a topical corticosteroid, 

diflorasone diacetate and an antiviral drug, Famiclovir (Zimmermann et al., 2019). 

Genes in PULs are usually co-transcribed to facilitate efficient catabolism of the 

target substrates. As shown in this chapter, mannosidases BT4072GH38 or 

BT4092GH92, BT4093GH92 or BT4073GH92 do not display activity against C. albicans 

mannan. Despite containing an enzyme specific to unique β-1,2 mannosyl 

linkages found in C. albicans mannan, it is likely that C. albicans mannan is not 

the target polysaccharide for the operon BT4072-BT4096. Considering the amount 

of esterases encoded in this PUL and the fact that it is upregulated in response to 
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PGM, it is possible that it could be contributing to deacetylation of sialic acid. 

However, plant polysaccharides are extensively decorated with acetyl groups, and 

therefore it is possible that this PUL could be targeting a polysaccharide from plant 

origin.  
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Chapter 4: Bacteroides salyersiae deploys a non-selfish 

mechanism for degradation of mannan from S. 

cerevisiae. 

4. 1 Introduction 

Cuskin et al. (2015b) established that six Bacteroides species and three 

Parabacteroides species were able to utilise α-mannan from S. cerevisiae. 

Bacteroides species included: 34 strains of B. thetaiotaomicron, 25 strains of B. 

ovatus, 5 strains of B. salyersiae, 19 strains of B. xylanisolvens, 29 strains of B. 

vulgatus, and 12 strains of B. caccae (Cuskin et al., 2015b). In vivo assays 

showed that Bt strain Δpul1/2/3 could outcompete wild-type Bt when mice were 

fed a diet lacking yeast mannan. However, the fitness was shifted towards the 

wild-type strain when α-mannan was introduced back into the diet (Cuskin et al., 

2015b). This indicates that possession of mannan-degrading loci is 

disadvantageous in a situation when yeast mannan is unavailable. Therefore, 

considering a high selective pressure of the densely populated gut, it would be 

logical to assume that if mannan was absent in the gut, Bt would lose PULs 

dedicated for its degradation to gain a competitive advantage (Cuskin et al., 

2015b). However, interestingly, this is not the case as metagenomic data collected 

from 250 adult humans revealed that at least 1 of the mannan PULs, 

predominantly MAN-PUL2 and MAN-PUL3, was detected in 60% of humans 

(Cuskin et al., 2015b). Genome analysis revealed that MAN-PUL1 was acquired 

by B. xylanisolvens strains NLAE-zl P732; P352; P393; P736; P727 isolated from 
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the large intestine of pigs fed on distillers grain diet, which contains highly 

branched yeast mannan. Bx strains NLAE-zl P732; P352 could grow on less 

branched S. cerevisiae mannan variants in vitro. However, in vitro competition 

assays showed that Bt outcompetes Bx, indicating that the ‘selfish’ mechanism 

does not permit sharing (Cuskin et al., 2015b). This therefore suggests that other 

residents of the microbiota debranch α-mannan, making it accessible to Bx. 

Yeast α-mannan is a highly complex polysaccharide, depolymerisation of which is 

metabolically costly. Therefore, it was hypothesised the ‘selfish’ mechanism is 

retained in all mannan-utilising gut Bacteroides and is orchestrated by structurally 

similar PULs. However, some B. salyersiae strains were able to grow on yeast 

mannan to a higher OD600 than Bt, despite lacking PULs with synteny to the 

mannan PULs in Bt (Cuskin et al., 2015b). This observation was contradictory to 

the previous hypothesis and was addressed in this chapter.  

4. 2 Objectives 

1. Investigate the mechanism of yeast α-mannan breakdown in B. salyersiae  

2. Identify PULs mediating mannan degradation in B. salyersiae 

3. Undertake biochemical characterisation of the enzymatic apparatus 

implementing mannan breakdown. 

4. Investigate the role of yeast α-mannan breakdown by B. salyersiae in 

cross-feeding other species 
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4. 3 Results  

4. 3. 1 Growth analysis of Bacteroides spp on mannan from S. cerevisiae  

B. thetaiotaomicron VPI-5482 (Bt), B. cellulolsilyticus DSM 14838 (Bcell), B. 

xylanisolvens DSM 18836 (Bx), B. ovatus ATCC 8483 (Bo), B. salyersiae 

WAL10018 (Bs), Dysgonomonas gadei ATCC BAA-286 (Dg), B. caccae ATCC 

4318 (Bc), B. intestinalis DSM 17393 (Bint), B. finegoldii DSM 17565 (Bfine), B. 

eggerthii ATCC 27754 (Begg), B. vulgatus ATCC 8482 (Bv), B. fragilis ATCC 

25285 (Bf) were grown anaerobically in minimal media containing mannan from S. 

cerevisiae for 48 h. Growth analysis showed that the type strains of Bx, Bo, and 

Bcell display poor growth on yeast mannan compared to Bt (Figure 4. 1 a). 

Consistent with Cuskin et al. (2015b), B. salyersiae grew to a higher OD600 on 

mannan from wild type S. cerevisiae than Bt (Figure 4. 1 b). Unlike Bt, Bs exhibited 

a 17h lag phase which was followed by a rapid exponential growth (Figure 4. 1 b), 

suggesting that Bs requires a longer period of time to upregulate the degradation 

apparatus than Bt. Cell-free supernatant collected from the stationary phase was 

analysed with TLC. This showed that unlike other Bacteroides species including 

Bt, Bs degrades mannan differently as bands suggestive of large manno-

oligosaccharides were found in the supernatant post B. salyersiae growth on S. 

cerevisiae mannan (Figure 4. 1 c).  
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Figure 4. 1 Growth of Bacteroides spp. on mannan from S. cerevisiae. 13 different Bacteroides 

species were grown on minimal media with 10 mg ml-1 S. cerevisiae mannan 37 °C for 48 h. Mean 

and error bars were generated from three technical replicates; dataset is representative of at least 

2 independent experiments. Panel a: OD600 at stationary phase taken post bacterial growth on S. 

cerevisiae mannan. Values shown on the graph are a mean of three biological replicates; Panel b: 

growth curves of Bacteroides species on S. cerevisiae mannan monitored at regular intervals; 

Panel c: TLC of cell free culture supernatant after 48 h growths. Lanes represent 2 biological 

replicates. 
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4. 3. 2 S. cerevisiae mannan degradation by B. salyersiae occurs 

extracellularly  

The mechanism of S. cerevisiae mannan degradation in B. salyersiae was then 

investigated. Bs was grown in defined media with mannan and culture was 

collected at time points between 0 – 21 hours. Cells were separated by 

centrifugation at 13,000 rpm for 1 min and cell free spent media was analysed with 

TLC. This revealed that oligosaccharides were released in the culture supernatant 

as Bs was approaching early mid-exponential phase (OD590=0.49) (Figure 4. 2 b). 

As the growth progressed, mannose was accumulated in the media, this was then 

followed by a ladder suggestive of short oligosaccharides 4 hours post inoculation 

(Figure 4. 2 b). As the growth continued the bands became more apparent, 

indicating that longer oligosaccharides were progressively released into the 

culture supernatant (Figure 4. 2 b). These data suggest that Bs begins mannan 

utilisation by gradually trimming off mannose from the side chains, making them 

more accessible for endo-acting mannanases. It is unusual that Bs accumulates 

mannose extracellularly prior to robust growth, suggesting that mannose uptake is 

rate-limited and takes longer than mannose can be generated at the cell surface. 

The ladder of manno-oligosaccharides is characteristic of activity of surface endo-

acting mannanases, such as BT2623GH76, BT3792GH76 and BT3782GH76 expressed 

by Bt. Combined, these data suggest that Bs lacks a system mediating transport 

of complex mannooligosaccharides inside the cell, leaving a pool of fragments in 

the extracellular milieu. This contrasts the selfish mechanism previously described 

in Bt.   
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Figure 4. 2 Growth analysis of B. salyersiae on S. cerevisiae mannan. At each indicated time point, 

an aliquot was collected, cells were separated by centrifugation. Supernatant was analysed with 

TLC. Dataset is representative of at least three individual experiments. Panel a: Growth curve 

generated by B. salyersiae during growth on 10 mg ml-1 S. cerevisiae mannan at 37 °C for 12 h. (b) 

TLC of cell free media. Arrows indicate oligosaccharides released into the culture supernatant by 

B. salyersiae. Substrate before bacterial growth is shown in lane 15. Mannose is shown as a green 

circle. 

4. 3. 3 Activity of whole B. salyersiae cells against mannan from wild type, 

Δmnn1, and Δmnn5 S. cerevisiae strains      

To investigate the location of mannan degrading enzymes in Bs, whole cell activity 

against mannan from S. cerevisiae was analysed. Bs was grown on mannan and 

cells from the mid-exponential phase (OD590=0.8) were harvested, washed with 

sterile PBS three times, and resuspended in 1.5ml of PBS. A proportion of the 

cells was treated with proteinase K to degrade proteins located on the cell surface. 

Cells were then washed with PBS again to remove Proteinase K. Some cells were 

also lysed with BugBuster to investigate intracellular catabolic potential. Cells 

were then incubated with mannan variants aerobically, samples were taken at 
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regular intervals. Cells were separated by centrifugation and supernatants were 

analysed with TLC.  

TLC analysis of this assay showed that whole cells liberate a ladder of long 

oligosaccharides from branched wild type mannan (Figure 4. 3 a), which were not 

produced by the lysed cells or the cells that were treated with Proteinase K (Figure 

4. 3 b, c, d). Whole cell products were similar to the ones observed in the time-

course supernatant assay (Figure 4. 2), confirming that mannan degradation was 

mediated by endo-mannanases localised to the surface. As the incubation time 

proceeded, a pool of mannose was gradually generated by the whole cells (Figure 

4. 3 a). Interestingly, this was eradicated with proteinase K treatment (Figure 4. 3 b), 

indicating that accumulation of extracellular mannose was mediated by exo-acting 

enzymes localised on the cell surface. Assays with lysed cells revealed that 

mannan was broken down to mannose, demonstrating that Bs possesses a full 

metabolic potential to complete yeast mannan degradation intracellularly.  

 HPAEC-PAD analysis of supernatant also showed that mannose and a range of 

oligosaccharides were gradually accumulated by the whole cells (Figure 4. 4). 

Overall, these data suggest that the breakdown of yeast mannan is orchestrated 

by exo- and endo-acting enzymes localised to the cell surface of B. salyersiae. 
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Figure 4. 3 Activity of whole B. salyersiae cells against S. cerevisiae mannan. Bs was on mannan 

to mid-exponential phase (OD590=0.8). Harvested cells were washed with PBS three times and 

resuspended in sterile PBS. A fraction of the cells was incubated with proteinase to degrade 

proteins located on cell surface. Proteinase K was then washed off with PBS. Another fraction of 

the cells was lysed with BugBuster. Cells were incubated aerobically with 10 mg ml-1 S. cerevisiae 

mannan at 37 °C. At each indicated time point an aliquot was taken out and supernatant was 

analysed with TLC and stained with Orcinol. Panel a: activity of whole cells, arrows indicate 

oligosaccharides. Panel b: activity of Proteinase K treated whole cells; Panel c: Activity of 

proteinase K treated cells lysed with BugBuster; Panel d: Activity of lysed Bs cells. A number of 

controls was also included: (e) activity of whole Bs cells without mannan (f) activity of supernatant 

against mannan (g) supernatant without a carbon source. Mannose is shown as a green circle, 

dataset is representative of 3 independent experiments. 
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Figure 4. 4 HPAEC-PAD analysis of the whole cell assay. Products of the whole cell assay were 

analysed with HAPEC-PAD using CarboPac PA20 column. Mannose is shown as a green circle. 

Panel a: TLC analysis of the whole cell assay described in the figure 4.3. Panel b: HPAEC-PAD 

analysis of the whole cell assay; gradual mannose accumulation is illustrated by the increasing 

height of the mannose peak. Panel c: Gradual accumulation of oligosaccharides from the whole 

cell assay. Samples were analysed with a CarboPac PA200 column and were diluted 1:5 in 

distilled water. 

The same assays with whole Bs cells against mnn1 and mnn5 S. cerevisiae 

mannan variants displayed similar activity, where a ladder indicative of manno-

oligosaccharides and mannose were generated at the cell surface (Figure 4. 5 a; 

Figure 4. 6 a), which were eliminated with Proteinase K treatment (Figure 4. 5 b; Figure 

4. 6 b). The ladder of oligosaccharides was not detected upon cell lysis, suggesting 

that Bs is able to complete hydrolysis of branched manno-oligosaccharides 
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intracellularly (Figure 4. 5 d-e; Figure 4. 6 d-e). Notably, debranching of mnn1 and 

mnn5 mannans by whole cells occurred more rapidly, as mannose and 

oligosaccharides could be detected at 30 min incubation time point (Figure 4. 5 a; 

Figure 4. 6 a). This is likely due to a reduced substrate complexity.  

 

Figure 4. 5 Activity of whole B. salyersiae cells against mnn1 S. cerevisiae mannan. The 

experiment was conducted as described in Figure 4. 3, where the substrate was substituted for 10 

mg ml-1 mnn1 mannan. Panel a. Activity of whole intact cells; Panel b: activity of proteinase K 

treated whole cells; Panel c: whole cells without a carbon source; Panel d: activity of lysed 

proteinase K treated cells; Panel e: activity of lysed cells; Panel f: supernatant against mannan; g. 

supernatant against PBS. Mannose is shown as a green circle. 
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Figure 4. 6 Activity of whole B. salyersiae cells against mnn5 S. cerevisiae mannan. The 

experiment was conducted as described in Figure 4. 3, where the substrate was substituted for 10 

mg ml-1 mnn5 mannan variant. Panel a. Activity of whole intact cells; panel b. proteinase K treated 

whole cells against mannan; panel c. whole cells without a carbon source; panel d. lysed 

proteinase K treated cells; panel e. lysed cells against mnn5 mannan; panel f. supernatant 

incubated with mannan; Panel g. supernatant incubated with PBS. 

4. 3. 4 Further analysis of manno-oligosaccharides generated by B. 

salyersiae. 

To further investigate the nature of the oligosaccharides left in the culture 

supernatant by B. salyersiae. Cell-free media from Bs growth on mannan was 

subjected to an exo-mannosidase degradation assay. To do so, a range of 

previously characterised exo-mannosidases from Bt: BT4092GH92, BT3858GH92, 

and BT2632GH125, targeting α-1,2, α-1,3, α-1,6-mannosidic bonds, respectively 
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(Cuskin et al., 2015b), were recombinantly expressed and used to degrade 

manno-oligosaccharides found in Bs spent media. Mannan disassembly by 

BT4092GH92, BT3858GH92, and BT2632GH125 is shown diagrammatically in Figure 4. 

7. Endo-acting α-1,2-mannanase, BT3862GH99, which produces α-1,3-mannobiose 

was also used to assess the extent of branching of mannan which was left in the 

supernatant. Enzymes were combined in order where an α-1,3-mannosidase, 

BT3858GH92, was applied first, to remove α-1,3 sidechains (Figure 4. 7). This was 

then followed by BT4092GH92, which can hydrolyse α-1,2-linkages and expose α-

1,6 backbone to an α-1,6-mannosidase BT2632GH125 (Figure 4. 7).  

 

Figure 4. 7 Diagrammatic representation of exo-mannosidase degradation assay. BT3862 

hydrolyses α-1,2 bond to produce an α-1,3 disaccharide. BT3858GH92 removes α-1,3- mannosyl 

caps, debranching S. cerevisiae mannan. This exposes α-1,2 linkages which are then removed by 

BT4092GH92, producing long α-1,6 manno-oligosaccharides, which are hydrolysed into mannose by 

BT2632GH125.   

As shown in Figure 4.8, endo-acting α-1,2 mannanase, BT3862GH99 released α-

1,3-mannobiose from mannan that was left in the supernatant (Figure 4. 8). This 

indicates that mannan that was left in the culture supernatant by Bs retains its α-

1,3-mannosyl caps. Treatment of the supernatant with BT3858GH92 induced a 
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visible band shift and released mannose (Figure 4. 8), suggesting that the enzyme 

removes α-1,3-linked mannosides from the oligosaccharides left in spent media. 

Combining BT3858GH92 with BT3862GH99 removed α-1,3-disaccharide, 

demonstrating that BT3858GH92 indeed acts as an α-1,3-mannosidase (Figure 4. 8). 

This reaction did not result in any further movements of the bands, suggesting that 

BT3858GH92 releases all α-1,3-linked mannoses from mannan in the supernatant 

(Figure 4. 8). When the α-1,3-mannosidase, BT3858GH92, was combined with 

BT4092GH92, α-1,2 mannosidase, the band on the TLC resolved into two smaller 

bands (Figure 4. 8), indicating that the oligosaccharide has become smaller as more 

α-1,2 side chains were removed by BT4092GH92. These oligosaccharides were 

then completely hydrolysed into mannose by BT2632GH125 (Figure 4. 8), 

demonstrating that they were joined by an α-1,6 linkage. Overall, this assay 

demonstrates that Bs is able to release pieces of branched oligosaccharides from 

S. cerevisiae mannan and leave them intact in the culture supernatant.  
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Figure 4. 8 Exo-mannosidase degradation assay of B. salyersiae supernatant. Bs was grown on 

mannan, cell free supernatant was then treated with a range of exo-mannosidases: BT3858GH92; 

BT3862GH99; BT4092GH92; BT2632GH125 all at 1 μM, overnight at 37 °C. Lane 1: supernatant, lane 2 

BT3862GH99 releases α-1,3 man2; lane 3 BT4092GH92 releases mannose; lane 4 BT3858GH92 

removes α-1,3-linked mannose, induces a band shift; lane 5 BT3858GH92 and BT3862GH99 are 

combined together; lane 6 combination of BT3858GH92 and BT4092GH92 resolves the band in the 

supernatant into two; lane 7:  BT2632GH125 hydrolyses products of BT4092GH92 and BT3858GH92 into 

mannose. Diagrammatically this assay is summarised in Figure 4.7. 
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4. 3. 5 Identification of yeast α-mannan specific PULs in B. salyersiae 

Using PULDB (http://www.cazy.org/PULDB/) the genome of B. salyersiae was 

searched for regions encoding endo-acting mannanases from the glycoside 

hydrolase 76 (GH76) family. This family includes a number of α-mannan specific 

endo-mannanases such as BT3782, BT3792, and BT2623, previously 

characterised by Cuskin et al. (2015b). This revealed that Bs possesses three 

GH76s: BS_03668, encoded within a predicted PUL50, labelled as Predicted 

Mannan PUL 2 (Figure 4. 9 a), BS_04077, enclosed in predicted PUL52, labelled as 

Mannan PUL 1 (Figure 4. 9 b) and BS_04090, found in a Cazyme cluster 6, 

adjacent to Mannan PUL 1 (Figure 4. 9 b). In addition to GH76s, the genome was 

searched for α-mannosidases from GH38 and GH92 families. While GH92s were 

scattered throughout the genome, two GH38 were found: BS_04085 grouped 

together with GH76 in the Cazyme cluster 6 (Figure 4. 9 b) and an orphan GH38, 

BS_01537, not grouped into a PUL (Figure 4. 9 c). Interestingly, BS_01537GH38 is 

positioned next to a GH2, whose family contains β-galactosidases and β-

mannosidases, and a GH125, whose characterised members target α-1,6-

mannosidic bonds found in the backbone of yeast mannan. Also, given the close 

proximity of PUL52 and Cazyme cluster 6, it could be that these two regions are a 

single large PUL (Figure 4. 9 b).  
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Figure 4. 9 Polysaccharide Utilisation Loci (PULs) from B. salyersiae WAL 10018. In the Cazy 

database (cazy.org) Bs WAL 10018 was predicted to possess three GH76s: BS_03668 in 

predicted mannan PUL 2 (a); BS_04077 and BS_04090 in Mannan PUL 1 (b). In addition, two exo-

acting mannosidases from GH38 family were found: BS_04085 in Mannan PUL 1 (b) and 

BS_01537 in an orphan cluster (c). GH – glycoside hydrolase; unk- function unknonw; SusC/SusC- 

transport proteins; HTCS – hybrid two component system; CBM – carbogydrate binding module; 

Pept-Mo – peptidase; PL – polysaccharide lyase.  

To determine if any of the identified PULs were involved in mannan breakdown, 

protein profile upregulated in mannan-grown cells was assessed with comparative 

proteomics. This analysis was performed by Dr Tiaan Heunis, Newcastle 

University. The proteome expressed in response to S. cerevisiae mannan was 

normalised to the proteome profile of glucose-grown cells, proteins with a log2 fold 

change >2 were considered upregulated, all of which passed p-value and q-value 
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cut off for statistical significance as described in Chapter 2 Section 2. 4. 7. In total, 

582 proteins were detected, 43 of which were significantly upregulated and 45 

were downregulated (Figure 4. 10). Proteins from the Mannan PUL 1 and the 

orphan cluster (Figure 4. 9 b and c) were located in the top 3% of the total proteome 

(Figure 4. 10 b) and are summarised in Table 4. 1. These included two GH76s from 

Mannan PUL 1: BS_04090 and BS_04077 along with GH38 BS_04085, GH92 

BS_04078, and GH125 BS_04078. GH38, BS_01537, from the orphan cluster 

was also significantly upregulated together with GH2 and GH125, located adjacent 

to it. This analysis confirmed that proteins in Mannan PUL1 and the orphan cluster 

(Figure 4. 10 b) were likely to contribute to S. cerevisiae mannan degradation in B. 

salyersiae. Analysis of downregulated proteins showed that the majority of them 

were annotated as glucosidases. 

 

Figure 4. 10 Protein profile of B. salyersiae in response to yeast mannan. Comparative proteomics 

was performed on whole Bs cells grown on mannan and compared to glucose grown cells, all data 

points shown passed statistical significance. Panel a: differentially regulated proteins in response 

to mannan, -2 > log2 >2 was taken as a cut off for downregulation (blue blox) and upregulation 

(pink box), respectively; Panel b: Position of proteins from the orphan cluster, mannan PUL 1, and 

PUL 7 in the profile.  
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Table 4.  1 Table of upregulated proteins in B. salyersiae in response to S. cerevisiae mannan. 

Proteins listed are enclosed in either Mannan PUL 1 or the orphan cluster (Figure 4. 9). Colours 

correspond to: blue - characterised in this chapter, purple and orange - SusC and SusD from 

mannan PUL 1, pink - characterised in Chapter 5. 
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4. 3. 6 Domain analysis of GH76s: BS_04090GH76, BS_04077GH76, and 

BS_03668GH76 

Amino acid sequences of GH76s were analysed with a range of bioinformatics 

tools (SMART, SignalP 5.0, LipoP 1.0, and Psortb). This showed that BS_04090 

contained a single GH76 domain and an N-terminal Signal Peptidase II (SPII) 

cleavage site (Figure 4. 11 a), indicating that it is a lipoprotein. Psortb results were 

inconclusive about cellular localisation of this protein. Using Clustal Omega 

(ebi.ac.uk/Tools/msa/clustalo/) it was identified that BS_04090 shared 44%, 36%, 

and 36% sequence identity with previously characterised surface GH76s from Bt: 

BT3782, BT2623, and BT3792, respectively (Figure 4. 11 d). Most proteins with SPII 

signals are lipoproteins, located on the cell surface. It was interesting to discover 

that BS_04090 also shared 76% sequence identity with another GH76 from Bt, 

BT3301. BT3301 was not upregulated in Bt in response to yeast α-mannan 

(Cuskin et al., 2015b), and is encoded outside the known mannan PULs in the 

genome of Bt. 

BS_03668 protein was predicted to contain a GH76 and SCOP domain (Figure 4. 11  

b), both Psortb or SignalP suggested that BS_03668 could contain a SPII 

cleavage site, however this prediction was inconclusive (SPI – 0.68 vs SPII – 

0.23). Its closest orthologue (30% identity) in Bt was found to be BT2949 (Figure 4. 

11 d), another GH76 not encoded in the mannan PULs. Despite not being 

detected in the proteomics data, it was decided to clone and express this protein 

to investigate how its activity differs from the two GH76s in the mannan PUL 
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BlastP search revealed that the third GH76 from Bs, BS_04077, was divergent 

from any proteins in Bt or other Bacteroides spp (Figure 4. 11 d), with closest 

homologues found in other Bacteroidales: Porphyramonadaceae bacterium and 

Prevotella spp., sharing roughly 40% sequence identity with both. SMART 

analysis of BS_04077 showed that the protein contained a GH76 domain as well a 

as carbohydrate binding motif 6 (CBM6), C-terminus was predicted to fold into a 

Pfam_F5_F8_type C (Figure 4. 11 c). In addition, it was predicted to contain a 

RICIN domain (Figure 4. 11), which was shown to mediate carbohydrate binding 

(Hirabayashi et al., 1998). In PULDB this protein was described as targeted for a 

“por secretion system”. IMG (img.jgi.doe.gov) also confirmed that the C-terminal 

domain of BS_04077 belonged to the TIGR04183 family, which is comprised of 

proteins directed to the secretion by the type 9 system (T9SS) (Discussed in 

Chapter 5). Both LipoP and SignalP analyses suggested that BS_04077 had a 

signal peptidase I site at the N-terminus, however Psortb identified BS_04077 as 

an outer membrane protein with a score of 9.49. Type 9 secretion system has 

never been described in Bacteroides species before and is further discussed in 

Chapter 5.  
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Figure 4. 11 Analysis of GH76s from B. salyersiae. Domain organisation of BS_04090 (a), 

BS_03668 (b), and BS_04077 (c) were analysed with SMART (smart.embl-heidelberg.de). Nature 

of the N-terminal Signal Peptides was determined with SignalP 5.0 (cbs.dtu.dk/services/SignalP/) 

(d) Identity matrix of GH76 from Bs and Bt. Amino acid sequences corresponding to GH76 

domains of the proteins from of Bs and Bt were aligned and compared using Clustal Omega 

(ebi.ac.uk/Tools/msa/clustalo/).   

 

4. 3. 7 Biochemical characterisation of Glycoside Hydrolases 76 from 

Bacteroides salyersiae  

It was then investigated whether B. salyersiae GH76s, BS_04090, BS_03668, and 

BS_04077, were involved in the degradation of mannan from S. cerevisiae. For 
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unknown reasons, BS_04077 was refractory to any of the following types of 

cloning: Restriction enzyme cloning (both blunt and sticky end) into pET28b, 

pET22b, or pBAD-His(A) vectors; Hi-Fi PCR cloning, Gibson assembly cloning, In-

Fusion cloning. Cloning of individual domains into either pET28b or pBAD-His (A) 

vectors was not achieved, synthesis of a codon optimised version by Twist 

Biosciences also failed. 

BS_04090 and BS_03668 were amplified by PCR, cloned into pET28a vector, and 

recombinantly expressed in TUNER cells. Proteins were purified with IMAC and 

analysed with SDS-PAGE. Two soluble proteins of 45kDa and 53kDa for 

BS_04090 and BS_03668, respectively, were obtained (Figure 4. 12). 
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Figure 4. 12 SDS-PAGE analysis pf BS_04090 and BS_03668. Indicated fractions were collected 

and resolved on 12.5% SDS-PAGE. Unstained protein MW ladder (Sigma, UK) was used to 

identify sizes. Soluble proteins were eluted with 100 mM Imidazole in TALON buffer (20 mM Tris-

HCl 300 mM NaCl). Panel a: purification of recombinantBS_04090; Panel b: purification of 

recombinant BS_03668; soluble proteins were obtained in lane 5 in both panels. 

4. 3. 7. 1 Characterisation of BS_04090GH76 

Activity of BS_04090 against yeast mannan was then investigated. BS_04090 was 

assayed against 5 mg ml-1 mannan from wild type S. cerevisiae and C. albicans. 

Enzyme was also assayed against undecorated α-1,6-mannan backbone, 

extracted from Δmnn2 S. cerevisiae strain, and also mannan which retains two or 

one α-1,2 -linked mannoses attached to the backbone, derived from Δmnn1 and 

Δmnn5 S. cerevisiae strains, respectively. BT3774, α-1,2 – α-1,3- mannosidase, 

was also used to remove α-1,3 and α-1,2 linked side chains, exposing the α-1,6-
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linked backbone, a predicted target for BS_04090. β-1,2-mannosyl caps make C. 

albicans mannan refractory to the degradation by α-mannosidases, therefore 

BT3780 was applied to expose alpha-mannan in these assays. The closest 

BS_04090 homologue in Bt, BT3301, sharing 76% sequence similarity, was also 

tested alongside against all substrates for comparison. BT3780, BT3301, and 

BT3774 cloned into pET28a plasmid were provided by Dr Fiona Cuskin.  

TLC analysis of these assays showed that BS_04090 could hydrolyse highly 

branched wild type S. cerevisiae mannan (Figure 4. 13 a). Products released from 

mnn2 mannan by BS_04090 were predominantly comprised of a disaccharide, a 

trisaccharide as well as mannose (Figure 4. 13 a). BT3774GH38 exposed the α-

mannan backbone, resulting in a more extensive mannan hydrolysis by 

BS_04090, as indicated by the ladder of oligosaccharides (Figure 4. 13 a). The 

ladder of oligosaccharides produced on the wild type mannan (Figure 4. 13 a) differs 

from the one released from the mnn2 mannan (Figure 4. 13 a), indicating that 

BT3774GH38 does not completely remove α-1,2 mannosides from the sidechains. 

Further assays with mnn1 and mnn5 mannan showed that BS_04090 can perform 

hydrolysis of branched mannan (Figure 4. 13 a). In contrast, BT3301 was less active 

against wild-type S. cerevisiae mannan (Figure 4. 13 b) and required presence of 

BT3774GH38 to display activity (Figure 4. 13 b). Unlike BS_04090, BT3301 did not 

hydrolyse mnn1 or mnn5 mannan, suggesting that the endo-processing activity of 

the enzyme requires a certain level of backbone exposure. BT3301 displayed 

different activity against mnn2 mannan compared to BS_04090, generating a pool 

of longer oligoasccharides, some of which were longer than 5 mannose units 

(Figure 4. 13 b).  
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Neither BT3301 nor BS_04090 were active against C. albicans mannan (Figure 4. 

13 b). Removal of the side chains with a β-1,2-mannosidase, BT3780GH130, alone 

or in combination with BT3774GH38 was not sufficient to expose the backbone for 

either BS_04090 or BT3301 to act (Figure 4. 13 c)   

 

Figure 4. 13 TLC analysis of BS_04090 and BT3301 assayed against different types of yeast 

mannan. All enzymes at 1 µM were incubated with 5 mg ml-1 yeast mannan at 37˚C overnight. 

Panel a: Activity of BS_04090 against indicated mannans. Panel b: Activity of BT3301 against 

indicated mannans. Panel c: Enzyme assays with mannan from C. albicans. 

The activity of BS_04090 was further analysed. Enzyme at 20 nM was assayed 

against mnn2 mannan for 30 mins. Aliquots were taken at regular intervals, boiled 

and analysed with TLC. This time course assay showed that at 20nM BS_04090 

could initiate hydrolysis of mnn2 at 1 min incubation time point, producing long 

oligosaccharides first (Figure 4. 14 a). At 5 min incubation point, the bands were 

more defined, and these were gradually resolved (Figure 4. 14 a). After an hour 

BS_04090 generated three distinct bands corresponding to a tetra-, tri-, and di-
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saccharide (Figure 4. 14 a). This demonstrates that, as the reaction progressed, 

longer manno-oliosaccharides were processed into shorter length polymers.  

Activity of BS_ 04090 was also tested on α-1,6 manno-tetraose. Enzyme was 

incubated with 1 mM manno-tetraose for 60 mins. Aliquots were taken at 10-

minute intervals, boiled and analysed with TLC. This showed that the enzyme 

requires 10 minutes to begin processing manno-tetramer into a disaccharide 

(Figure 4. 14 b).  A very faint band suggestive of a trisaccharide was detected at 60 

min time point, indicating that BS_04090 can process tetrasaccharide into 

mannotriose and mannose (Figure 4. 14 b). BS_04090 broke down α-1,6-

tetrasaccharide at a slower rate than α-1,6 mannan backbone, demonstrating that 

BS_04090 has a preference for longer oligosaccharides. At higher concentrations, 

BS_04090 (10µM) was able to degrade manno-tetraose into a trisaccharide and 

mannose, which was then converted to a disaccharide and mannose (data not 

shown) 
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Figure 4. 14 Time course assay with BS_04090 against unbranched α-1,6-linked backbone from 

mnn2 S. cerevisiae strain (a) and α-1,6 mannotetraose (b). BS_04090 at 20 nM was incubated 

with 5 mg ml-1 mnn2 mannan (a) and 1 mM α-1,6 mannotetraose at 37˚C for 60 mins. Aliquots 

were taken at indicated time points; reactions were stopped by boiling. 

4. 3. 7. 2 Characterisation of BS_03668GH76   

Activity of another GH76 from B. salyersiae, BS_03668, against mannan was then 

analysed. S. cerevisiae mannan was treated with a range of mannosidases from 

Bt, namely BT3862GH99, BT4092GH92, BT3774GH38, to trim α-1,2 and α-1,3 side 

chains, revealing the α-1,6 backbone to the enzyme. Enzymes all at 1µM were 

combined and tested against S. cerevisiae mannan at 37˚C overnight. Assays 

were then analysed with TLC.  This showed that, similar to BS_04090, BS_03668 

displayed low activity against highly branched wild type mannan (Figure 4. 15 a). In 

the presence of BT3862GH99 and BT4092GH92, which remove an α -1,3 and α -1,2-
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linked mannosides, activity of BS_03668 was enhanced (Figure 4. 15 a). Addition of 

α-1,3 mannosidase, BT3858GH92, to the BT3862GH99, BT4092GH92, BS_03668 

cocktail, improved activity of BS_03668 against mannan (Figure 4. 15 a). 

BT3774GH38, a broad specificity α -1,3; α -1,2 mannosidase, also exposed the 

backbone to BS_03668 (Figure 4. 15 a). These data demonstrate that, despite of 

being able to hydrolyse highly branched wild type S. cerevisiae mannan, 

BS_03668 has a preference for less complex mannan variants.  

BT3774GH38 was also combined with BS_04090 to compare activities of the two 

GH76s from B. salyersiae. This showed that BS_03668 and BS_04090 display 

different activities against S. cerevisiae mannan (Figure 4. 15 a), where BS_04090 

is able to release more products than BS_03668 from mannan in the presence 

BT3774 (Figure 4. 15 a). This demonstrates that α-linked side chains impose steric 

constraints for BS_03668, while BS_04090 is a more generalist endo-mannanase 

which can perform breakdown of branched polymers. 

Activity of BS_03668 against C. albicans mannan was also analysed. C. albicans 

mannan was also treated with BT3780GH130 and BT3774GH38 to remove β-1,2-

mannosyl caps and α-1,2- α-1,3-linkages from the sidechains, respectively. This 

showed that despite the removal of β and α -side chains, BS_03668 was not able 

to access C. albicans mannan (Figure 4. 15 b). Presence of BS_04090 in the 

BT3774GH38, BT3780GH130, BS_03668 cocktail was not sufficient to initiate 

backbone breakdown (Figure 4. 15 b). These data show that the architecture of side 

chains composing C. albicans mannan is more complex compared to the 

sidechains of mannan from S. cerevisiae. 
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Figure 4. 15 Activity of BS_03668 on yeast mannan. Enzymes at 1µM were incubated with 5 mg 

ml-1 either mannan from the wild type S. cerevisiae or C. albicans at 37˚C overnight. Panel a: TLC 

of S. cerevisiae mannan degradation by a range of mannosidases. Panel b: enzymatic degradation 

of C. albicans mannan. 

Activity of BS_03668 was further assessed against mnn2 mannan as well as α-1,6 

manno-tetraose. BS_03668 at 1 µM was incubated with mnn2 mannan for 16 

hours. Aliquots were taken at 10 min intervals for 60 mins, then at 2, 3, and 16 

hours. This assay showed after 10 minutes enzyme generated a smear 

suggestive of oligosaccharides (Figure 4. 16 a), which gradually became more 

pronounced as reaction proceeded. It took 3 hours for BS_03668 to complete 

reaction on mnn2 mannan. No noticeable difference could be observed between 3 

and 16 hour time points (Figure 4. 16 a). The final products of this reaction were 

predominantly comprised of oligosaccharides longer than 4 sugars, a shadow 

suggestive of a disaccharide and a trisaccharide could also be observed (Figure 4. 
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16 a). This assay showed that BS_03668 generated a pool of long α-1,6 manno-

oligosaccharides, which were then further processed into shorter polymers.  

To further assess the ability of BS_03668 to process shorter 

mannooligosaccharides, enzyme was incubated with 1 mM α-1,6-mannotetraose 

for 16 hours. Samples were collected at regular intervals. This showed that the 

tetra-saccharide remained intact although a shadow suggestive of a disaccharide 

could be detected 3 hours post incubation (Figure 4. 16 b). This indicates that a 

mannotetraose is not a preferred substrate for BS_03668, and the enzyme indeed 

has a preference for oligosaccharides composed of more than 4 sugars.  

The concentration of BS_03668 was 150 times higher than that in the assays with 

BS_04090. This suggests that despite displaying activity against yeast α-mannan, 

it is probably not the true substrate for BS_03668.   

 

Figure 4. 16 Activity of BS_03668 against undecorated α-1,6-mannan from mnn2 S. cerevisiae (a) 

and α -1,6 manno-tetraose (b). 1µM BS_03668 was incubated with either 5 mg ml-1 mnn2 mannan 

or 1 mM α-1,6 manno-tetraose. Aliquots were collected at indicated time points. 
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4. 3. 7. 3 Characterisation of Glycoside Hydrolases 38 (GH38) from B. salyersiae. 

Bt encodes for two GH38s, BT3774 and BT4072. As shown in Chapter 3, BT4072 

displayed activity against HMNG and not yeast mannan, Cuskin and collegues 

demonstrated that depolymerisation of mannan in Bt was orchestrated by BT3774. 

BT3774 was shown to be the only enzyme in Bt which exhibited broad specificity 

against α-linked mannosides and could also deconstruct phosphomannan (Cuskin 

et al., 2015b) 

The genome search identified two GH38s in Bs: BS_04085, enclosed in the 

Cazyme cluster 6, and BS_01537, positioned as an orphan gene, both of these 

proteins were upregulated in Bs in response to yeast mannan (Table 4. 1). 

BS_01537 and BS_04085 were both cloned into pET28a, expressed in TUNER 

cells, purified with IMAC, and analysed with SDS-PAGE. Two recombinant 

proteins of 148kDa and 137kDa in soluble forms for BS_04085 and BS_01537, 

respectively, were obtained (Figure 4. 17).  
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Figure 4. 17 SDS-PAGE analysis of BS_04085 and BS_01537. Proteins were purified with IMAC 

and indicated fractions were resolved on 12.5% SDS-PAGE. Protein sizes were identified with 

Wide MW Protein ladder (Sigma, UK). Panel a: recombinant BS_04085; Panel b: recombinant 

BS_01537, soluble proteins were eluted with 100 mM Imidazole in TALON (20 mM Tris-HCl, 300 

mM NaCl). 

To determine linkage specificities of these enzymes, both BS_04085 and 

BS_01537 were tested against α-1,2-; α-1,3; α-1,4; α-1,6 mannobioses as well as 

mannose-1-phosphate and mannose-6-phosphate. A previously characterised 

GH38 from Bt, BT3774, was also tested against mannose-1-phosphate alongside 

for comparison, as it is the only known α-mannosidase capable of removing 

phosphate from mannophosphate substrates. Reactions were analysed with TLC.  

This showed that, similar to BT3774, BS_01537 displayed broad specificity 

against α-linked disaccharides (Figure 4. 18 a), whereas BS_04085 exhibited 

preference for α-1,2- and α-1,3 -mannosidic linkages (Figure 4. 18 b) and 
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incomplete activity against α-1,6 and α-1,4-mannobioses (Figure 4. 18 b). Neither of 

the enzymes showed activity against mannose-6-phosphate (Figure 4. 18 c). Both 

BT3774 and BS_01537 performed partial hydrolysis of mannose-1-phosphate, 

however BS_04085 was the only enzyme capable of completely cleaving this 

substrate (Figure 4. 18 d). 

 

Figure 4. 18 Activity of GH38s, BS_04085 and BS_01537, against a range of substrates. 

BS_04085 (a) and BS_01537 (b) at 1 µM were incubated with 1 mM α-1,2- α-1,3- α-1,4- α-1,6- 

mannobioses, and 1 mM mannose-6-phosphate (c), mannose-1-phosphate (d) overnight. 

Reactions were analysed with TLC. Mannose is shown with a green circle, “-“ indicates substrate 

without enzyme, “+” with added enzyme. Panel a: BS_01537 against mannobioses; Panel b: 

BS_04085 against α-mannobiose substrates; Panel c: BS_01537 and BS_04085 against Man-6-

phosphate; Panel d: BT3774, BS_01537, and BS_04085 against Man-1-phosphate. 
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It was then investigated whether BS_04085 and BS_01537 display activity against 

mannan from the wild type S. cerevisiae and C. albicans as well as mannan from 

mnn1, mnn5, mnn2 S. cerevisiae strains. Reactions were analysed with TLC. This 

showed that both BS_04085 and BS_01537 released mannose from wild-type S. 

cerevisiae mannan (Figure 4. 19 c) as well as S. cerevisiae mannan variants which 

retain α-1,2 linkage, mnn1 and mnn5 (Figure 4. 19 a, b). BS_04085 generated a 

small amount of mannose from mnn2 mannan, whereas BS_01537 released more 

mannose from mnn2 mannan (Figure 4. 19 b). This is in line with previous data, 

indicating that BS_01537 is a broad specificity α-mannosidase. Both BS_04085 

and BS_01537 could release mannose from C. albicans mannan (Figure 4. 19 d), 

indicating that β-1,2-linkages do not cap the side chains uniformly and a 

proportion of α-mannan is exposed.      
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Figure 4. 19 Activity of GH38s, BS_04085 and BS_01537, against mannan from mnn1, mnn5, 

mnn2 S. cerevisiae strains and wild type S. cerevisiae and C. albicans (Panel e). Enzymes at 1 µM 

were incubated with 5mgml-1 substrates at 37 °C overnight. “-“ indicates substrate without enzyme, 

“+” with added enzyme, unless specified. Panel a: BS_04085 and BS_01537 against mannan 

variants, respectively. Panel c: BS_04085 and BS_01537 against wild type S. cerevisiae mannan 

Panel d: BS_04085 and BS_01537 against mannan from C. albicans. 

To investigate substrate specificities of these GH38s in more detail, their kinetic 

parameters were assessed. Enzymatic rates of both BS_01537 and BS_04085 

were measured against varying concentrations of α-1,2- α-1,3, α-1,4, and α-1,6-

linked mannobioses as well as mannan from the wild type, mnn1, and mnn5 S. 

cerevisiae strains.  

This analysis showed that BS_01537 displays a strong preference for a less 

complex mnn5 mannan variant (Km= 0.77 mg ml-1 and kcat/Km= 92.62 min-1 mg-1 
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ml) (Figure 4. 20), which contains a single α-1,2-linked mannose attached to the 

backbone. BS_04085 presented the same Km=0.98 mg ml-1 for mnn5 mannan as 

BS_01537, however its enzymatic rate, kcat, was higher, giving a greater kcat/Km = 

142.23 min-1 mg-1 ml. Both BS_04085 and BS_01537 displayed similar activity 

against mnn1 mannan, which contains two α-1,2-linked mannoses attached to the 

backbone (Figure 4. 20 c, d). This also revealed that highly branched mannan, 

which retains α-1,3 decorations, is not a preferred substrate for BS_01537 (kcat/Km 

= 1.3 min-1 mg-1 ml. In contrast, BS_04085 was capable of degrading wild-type 

mannan, displaying lower Km and higher catalytic efficiency (kcat/Km = 14.46 min-1 

mg-1 ml) than BS_01537 (Figure 4. 20 a, b). 

BS_01537 or BS_04085 did not display strong activity against α-linked 

mannobioses (Figure 4. 21). Consistent with previous observations, BS_04085 was 

able to act on α-1,2 and α-1,3 mannobioses, while BS_01537 exhibited broader 

specify against mannosidic linkages (Figure 4. 21). kcat/Km values are summarised in 

Table 4. 2.  
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Figure 4. 20 Kinetic analysis of the two GH38s from B. salyersiae: BS_04085 and BS_01537 

against mannan from the wild type, mnn1, mnn5 S. cerevisiae strains. Reactions were carried out 

in 40 mM MOPS containing 2mM CaCl2 at 37ºC, mannose release was monitored at 340nm using 

Mannose detection kit. Kinetics were determined using concentrations below and above Km. Error 

bars are representative of at least 3 biological replicates. Data are representative of 2 technical 

repeats 
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Figure 4. 21 Kinetic analysis of GH38s: BS_01537 and BS_04085 against α-linked mannobioses. 

Reactions were carried out in 40 mM MOPS containing 2 mM CaCl2 at 37ºC, mannose release 

was monitored at 340 nm using Mannose detection kit. Kinetics were determined using 

concentrations below Km. Error bars are representative of at least 3 biological replicates. Data are 

representative of 2 technical repeats.  
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Table 4.  2 Kinetic parameters of BS_01537GH38 and BS_04085GH38. Panel a: against S. cerevisiae 

mannan variants: mnn1, mnn5, and wild type mannan. Km and kcat were determined from 

Michaelis-Menten equation. Panel b: against α-linked mannobioses, Km/kcat were determined using 

linear regression. Error represents SEM. 

It was then investigated whether BS_04085 and BS_01537 differ in their ability to 

deconstruct mannan. To do so, excess enzyme concentration is used with a 

limited amount of substrate, allowing reactions to run to completion. The total 
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amount of mannose released by BS_04085 and BS_01537 was quantified with a 

spectrophotometric assay. BS_04085 at 0.5 µM or BS_01537 at 5 µM were 

assayed against 10 µg of wild type, mnn1, and mnn5 mannan and continuous 

mannose release was monitored with a spectrophotometer using a mannose 

detection kit. These assays showed BS_04085 released more mannose from 

mnn1 mannan (40 µM) than BS_01537 (14µM) (Figure 4. 22 a and b). Similarly, 

BS_04085 generated double the amount of mannose from mnn5 mannan (45 µM) 

than BS_01537 (18µm) (Figure 4. 22 a and b). In line with kinetics data, BS_04085 

was capable of generating mannose from wild type mannan, while activity of 

BS_01537 was undetectable (Figure 4. 22 a and b).  

The preference of BS_01537 was further demonstrated with a tetra-

manooligosaccharide, which is composed of α-1,6-linked trisaccharide with a 

single α-1,3 mannosyl unit attached to the middle mannose. Both BS_04085 and 

BS_01537 at 1 µM were incubated with 1 mM of tetrasaccharide at 37 ºC 

overnight, reactions were analysed with TLC. BS_01537 processed 

tetrasaccharide into a trisaccharide and mannose but also produced a small 

amount of α-1,6-disaccharide, whose identify was confirmed with a recombinant 

GH125. (Figure 4. 22 c). BS_04085 did not exhibit activity on this substrate (Figure 4. 

22 c).  

Combined these data indicate that BS_01537 acts as a broad specificity α-

mannosidase, displaying preference for less complex and shorter manno-

oligosaccharides. Specificity of BS_04085 is narrower but, unlike BS_01537, it is 

capable of depolymerising complex mannan substrates. Given these substrate 

specificities, it would be logical to assume that in vivo BS_01537 performs 

mannan degradation in the periplasmic space, while BS_04085 could be initiating 
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mannan breakdown at the cell surface, generating a pool of extracellular mannose 

observed in the whole cell assays.  

 

Figure 4. 22 Activities of BS_04085 and BS_01537 against mannan substrates.  

10 µg of wild type, mnn1, or mnn5 mannan were treated with BS_04085 at 0.5 µM and BS_01537 

at 5 µM in 40 mM MOPS with 2mM CaCl2 at 37 ºC, mannose release was monitored in end point 

reactions continuously in a spectrophotometer using mannose detection kit. Panel a: total amount 

of mannose released by BS_04085 from mannan substrates. Panel b: total amount of mannose 

released by BS_01537 from mannan substrates, Panel c: Activity of BS_04085 and BS_01537 

against manno-tetrasaccharid. Enzymes at 1 µM were assayed against 1 mM substrate overnight. 

BS_04078GH92 was used a negative control; GH125, BS_04089, was used to determine the nature 

of the disaccharide in lane 4. 

4. 3. 8 Yeast α-mannan breakdown by B. salyersiae 

Besides BS_04090GH76 and BS_04085GH38, Mannan PUL 1 contains two 

additional α-mannosidases, BS_04078GH92 and BS_04089GH125 (Figure 4. 9). Both 

BS_04078GH92 and BS_04089GH125 were cloned and expressed in E. coli. SDS-

PAGE analysis confirmed that both proteins were soluble and had correct 
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molecular weight, 83 kDa for BS_04078GH92 and 58 kDa for BS_04089GH125 (Figure 

4. 23).  

 

Figure 4. 23 SDS-PAGE analysis of BS_04078GH92 and BS_04089GH125. Indicated IMAC fractions 

were analysed with 12.5% SDS-PAGE. Panel a: expression of recombinant BS_04078 – GH92; 

Pane; b: recombinant BS_04089 – GH125. Soluble proteins were eluted with 100 mM Imidazole in 

TALON.  

Recombinant BS_04078GH92 and BS_04089GH125 at 1 μM were then incubated 

with 1 mM α-1,2-, α-1,3, α-1,4, and α-1,6 mannobioses. Reactions were then 

analysed with TLC. BS_04079GH92 displayed activity against α-1,2 and α-1,6-

linked disaccharides (Figure 4. 24 a). As expected, BS_04089GH125 was active 

against α-1,6-mannobiose only (Figure 4. 24 b).  
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Cloning and expression of BS_04078 and BS_04089, and assays against 

disaccharides, presented in Figure 4. 23 and Figure 4. 24, were conducted by Curtis 

Cottam as part of his MRes degree under my supervision.  

 

Figure 4. 24 Activity of BS_04078GH92 and BS_04089GH125 against α-linked mannobioses. Enzymes 

at 1 μM were incubated with indicated substrates at 37 °C overnight. Panel a: BS_04078GH92 

shows activity against α-1,2 and α-1,6-linked mannobioses. Panel b: BS_04089GH125 is active 

against α-1,6-mannobiose. 

4. 3. 8. 1 Activity of BS_04078GH92, BS_04089GH125, BS_04085GH38, BS_01537GH38, 

BS_04090GH76 against mnn2, mnn5, and mnn1 mannan variants.  

To elucidate biological functions of BS_04078GH92 and BS_04089GH125, they were 

combined in cocktails with BS_04090GH76, BS_04085GH38, and BS_01537GH38 

against mannan variants (mnn2, mnn1, mnn5). This provided an insight into the 

mechanism of enzymatic breakdown of α-mannan from wild type S. cerevisiae.  

Activity of BS_04078GH92 and BS_04089GH125 was tested against the simplest 

mannan variant, mnn2, which is composed of a linear α-1,6 linked backbone 

(Figure 4. 25 a). BS_04085GH38 was assayed alongside for visual comparison. 

BS_04090GH76 was used to induce mannan hydrolysis to identify maximum 

substrate length for BS_04089GH125. TLC analysis showed that both 
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BS_04078GH92 and BS_04089GH125 released mannose from mnn2 mannan (Figure 

4. 25 b), confirming their α-1,6-mannosidic activity. Consistent with previous 

observations, BS_04090GH76 hydrolysed mnn2 mannan into a pool of fragments, 

predominantly consisting of di-, tri-, and tetra-oligosaccharides (Figure 4. 25 b). In a 

combination with BS_04090GH76, BS_04089GH125 mediated breakdown on the di-, 

tri-, and tetra-saccharides (Figure 4. 25 b), demonstrating that an α-1,6-linked 

tetramer is the longest substrate for this GH125.    

 

Figure 4. 25 Enzymatic degradation of mnn2 mannan. Panel a: diagram showing structure of mnn2 

mannan; Panel b: activity of BS_04078GH92, BS_04089GH125, BS_04085GH38, and BS_04090GH76 

against mnn2 mannan. Table summarising enzymatic cocktails is shown, reactions were incubated 

overnight at 37 °C. 

 

To dissect the enzymatic pathway further, BS_04078GH92, BS_04089GH125, 

BS_04090GH76, BS_04085GH38, and BS_01537GH38 were mixed in different 
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combinations and assayed against a more complex mannan substrate, extracted 

from mnn5 S. cerevisiae strain (Figure 4. 26). BS_04078GH92 released mannose 

from mnn5 mannan (Figure 4. 26 b). This indicates that consistent with its activity on 

α-1,2-disaccharide, enzyme is able to remove α-1,2-linked mannosides from mnn5 

mannan. BS_04090GH76 mediated breakdown of mnn5 mannan, producing 

fragments, that are most likely complex α-1,2-; α-1,6-linked oligosaccharides 

(Figure 4. 26 a). Addition of other mannosidases disassembled these 

oligosaccharides further (Figure 4. 26 b). Fading of the sample spot at the origin 

highlights the extent of mannan degradation (Figure 4. 26 b). This indicates that 

these six enzymes are able to hydrolyse mnn5 mannan almost completely, leaving 

a pool of inaccessible substrates. 
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Figure 4. 26 Enzymatic degradation of mnn5 mannan. Panel b: activity of BS_04090GH76 against 

mnn5 mannan, 9 μl of reaction was spotted onto TLC plate to visualise oligosaccharides; panel c: 

activity of BS_04078GH92, BS_04090GH76, BS_04085GH38, BS_01537GH38, and BS_04089GH125, 

mixed in combinations as shown in the table, 6 μl of reaction was resolved. Panel c: structure of 

mnn5 mannan. All reactions were incubated with 5 mg ml-1 mnn5 mannan at 37 °C overnight 

The complexity of the substrate was then increased, and enzymes were tested 

against mnn1 mannan, which is composed of two α-1,2-linked mannosides 

attached to the backbone (Figure 4. 27). This showed that BS_04090GH76 was able 

to initiate breakdown of mnn1 mannan (Figure 4. 27 b), releasing branched 

oligosaccharides. Combined, Bs enzymes performed further breakdown of mnn1 

mannan (Figure 4. 27 c, d).  
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Figure 4. 27 Enzymatic degradation of mnn1 mannan. Panel a: structure of mnn1 mannan; Panel 

b: activity of BS_04090GH76 against mnn1 mannan, TLC shows 9 μl of reaction; Panel c: activity of 

BS_04078GH92, BS_04090GH76, BS_04085GH38, BS_01537GH38, and BS_04089GH125 against mnn1 

mannan in combinations shown; Panel d: enzymatic degradation of mnn1 mannan by indicated 

enzymes. All reactions were performed at 37 °C overnight.  
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4. 3. 8. 2 Activity of BS_04078GH92, BS_04089GH125, BS_04085GH38, BS_01537GH38, 

BS_04090GH76 against α-mannan from wild type S. cerevisiae.   

It was then investigated whether exo-acting mannosidases: BS_01537GH38, 

BS_04085GH38, BS_04078GH92, BS_04098GH125 work in concert with BS_04090GH76 

to depolymerise mannan from wild type S. cerevisiae (Figure 4. 28 a). This showed 

that in the presence of BS_04085GH38, BS_04090GH76 liberated a ladder of 

oligosaccharides (Figure 4. 28 b), indicating BS_04085GH38 alone is able to 

debranch wild type α-mannan, making it more accessible for BS_04090GH76. 

BS_04090GH76 was also able to access the backbone in the presence of 

BS_01537GH38 (Figure 4. 28 b), however the products generated by BS_04090GH76 

differ to the ones seen in the presence of BS_04085GH38 (Figure 4. 28 b). This 

demonstrates that the two GH38s indeed target different bonds in the sidechains. 

Similarly, BS_04078GH92 alone and in a combination with BS_04085GH38 and 

GH_04090GH76 performed efficient debranching of α-mannan (Figure 4. 28 c). The 

products of this reaction further resolved in the presence of BS_04089GH125 (Figure 

4. 28 c). This indicates that together BS_04078GH92 and BS_04085GH38 are able to 

debranch wild type yeast α-mannan enough to expose its α-1,6-linked backbone. 

This set of assays demonstrates that B. salyersiae possesses an efficient 

enzymatic apparatus to implement breakdown of S. cerevisiae α-mannan. 
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Figure 4. 28 Enzymatic degradation of mannan from wild type S. cerevisiae. Panel a: Structure of 

wild type α-mannan. Panel b: activity of exo-acting BS_04085GH38 and BS_01537GH38 in incubated 

in combinations with endo-acting BS_04090GH76 against wild type yeast mannan, Panel c:  activity 

of BS_04078GH92, BS_04090GH76, BS_04085GH38, BS_01537GH38, and BS_04089GH125 against yeast 

mannan in combinations shown. Reactions were incubated at 37 °C overnight. 

 

4. 3. 9 B. salyersiae enables ‘sharing’ of mannan from S. cerevisiae.  

Previously, it was shown that Bt deploys a selfish mechanism for mannan 

utilisation (Cuskin et al., 2015b). Unlike Bs, Bt did not leave long oligosaccharides 

in the culture supernatant when it is grown on mannan from S. cerevisiae. In in 

vitro competition assays where S. cerevisiae was given as a sole carbon source 

Bt outcompeted B. cellulosilyticus WH2 or B. xylanisolvens NLAE-zl P352 (Cuskin 

et al., 2015b), strongly demonstrating that Bt does not share or make the 

polysaccharide more accessible to other member of the gut microbiota. It was 
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then investigated whether the alternative mechanism for S. cerevisiae mannan 

degradation employed by B. salyersiae permits sharing of the polysaccharide.  

To address this, our Bacteroides library was screened against α-mannan by-

products generated by Bs. B. salyersiae was grown in minimal media containing 

15 mg ml-1 S. cerevisiae mannan to mid-exponential phase OD600=1.0. Cells were 

separated by centrifugation at 6,000 rpm and collected supernatant was sterilised 

by autoclaving. Defrosted supernatant was filter-sterilised using a 0.2 μm filter and 

diluted 1:2 with fresh 2X minimal media to replenish nutrients necessary for 

growth. This produced conditioned media, which contained approximately 7 mg 

ml-1 of digested S. cerevisiae mannan. The strains from the library were grown in 

conditioned media anaerobically at 37 °C, as described in Chapter 2 Section 2. 5. 

1. Glucose or mannose at 10 mg ml-1 were used alongside as a positive control. 

For every non-mannan-degrading strain, with the exception of Bt and Bs, S. 

cerevisiae mannan was used as a negative control. Both Bt and Bs displayed 

robust growth in conditioned media but to a lower OD600 as compared to 

conditions where wild type mannan is used as a sole carbon source. This was 

expected, as conditioned media contained a smaller amount of available 

substrate. Conditioned media induced differential growth of a set of poor mannan 

degraders, which included B. xylanisolvens, B. ovatus, and B. finegoldii, however 

this effect was not ubiquitous and the remaining Bacteroides species were unable 

to grow (Figure 4. 29). To ensure that this effect was mediated by the by-products 

of Bs, a similar set of assays was repeated using conditioned media produced by 

Bt. None of the tested strains except for Bs were able to utilise Bt conditioned 

media (Figure 4. 30), indicating that only Bs was capable of inducing robust 

growth on mannan of other Bacteroides species.  
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Figure 4. 29 Utilisation of B. salyersiae-digested S. cerevisiae mannan by Bacteroides strains. 

Strains of Bacteroides species were inoculated into Bs conditioned media and grown anaerobically 

at 37 °C for 28 h, maximum OD600 was recorded (green circle). Growth on glucose (grey star) and 

S. cerevisiae mannan (pink square) were used as positive and negative controls, respectively. 

Dataset is representative of 3 biological repeats from at least 3 technical replicates, error bars 

show standard deviation. 
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Figure 4. 30 Utilisation of Bt-digested α-mannan but Bacteroides species. Strains were inoculated 

into Bt-conditioned media (green circle) and OD600 was recorded after 28 hours. Growths on 

glucose (grey star) and mannan (pink square) were included as controls. Error bars show standard 

error from 3 biological repeats.  

To analyse the use of Bs-conditioned media more closely, change in OD600 was 

monitored continuously. Both Bt and Bs grew to a lower OD600 (Figure 4. 31 

panels a and b). No apparent growth in conditioned media was observed for any 

of the following type strains: B. dorei, B. intestinalis, B. caccae, B. uniformis, B. 

cellulosilyticus, B. vulgatus, B. fragilis, B. clarus, or B. fluxus (Figure 4.  panels c – 

h; o – r) In contrast, growth of B. ovatus, B. xylanisolvens, and B. finegoldii was 

profoundly enhanced (Figure 4. 31 panels i – n).  

Differential substrate utilisation is a common phenomenon observed in different 

strains of the same species, therefore the ability to grow in conditioned media was 
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also analysed for another human isolate of B. cellulosilyticus WH1 and and a 

porcine strain of B. xylanisolvens NLAE-zl P727. For the same reason, growth of 

the type B. ovatus ATCC 8483 and B. finegoldii DSM 17565 strains was compared 

to closely related strains: B. ovatus CL03T12C18 and B. finegoldii CL09T03C10, 

which unlike the type strains, contain components of the anti-fungal type 6 

secretion system (Verster et al., 2017). Interestingly, B. ovatus CL03T12C18, B. 

finegoldii CL09T03C10, B. xylanisolvens NLAE-zl P727 displayed poor growth on 

branched S. cerevisiae mannan compared to their type clonemates (Figure 4. 31 

panels j, l, n), however their ability to utilise mannan pre-digested by Bs was still 

retained (Figure 4. 31 panels j, l, n). This difference is particularly striking between 

B. finegoldii CL09T03C10 and DSM 17565 strains (Figure 4. 31 panels m and n). 

Human B. cellulosilyticus isolate, WH1, was still unable to grow in conditioned 

media (Figure 4. 31 panel h).  
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Figure 4. 31 Utilisation of either native or pre-digested S. cerevisiae mannan by Bacteroides 

species. 18 different Bacteroides strains were inoculated into Bs-conditioned media (purple trace) 

or minimal media with mannan (teal trace). Strains were grown anaerobically at 37 °C for 38 h. 

Conditioned media and mannan minimal media without bacterial growth are shown in orange and 

green traces, respectively. Error bars show standard deviation. Dataset is representative of 3 

biological replicates from 6 technical repeats 

Differential growth of a certain subset of Bacteroides species and complete 

absence of growth in the others was counter-intuitive, as previous data showed 

that a substantial amount of extracellular mannose was accumulated by Bs as a 

result of its growth on S. cerevisiae mannan (Figure 4. 2 and Figure 4. 3). Mannose is 
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a monosaccharide, which could be expected to promote growth of a range of 

bacterial species. Utilisation of extracellular mannose in conditioned media by 

Bacteroides species was then analysed. Bacterial strains were grown in 

conditioned media as described above. Cultures were collected at the 38-hour 

time point and cells were separated by centrifugation at 13,000 rpm. The 

supernatant was collected and stored at -20 °C until analysis. The concentration of 

available mannose in collected supernatant was measured using a mannose 

detection kit. This assay showed that prior to bacterial inoculation conditioned 

media contained 310 μM of mannose (Figure 4. 32). Interestingly, mannose was 

used by the species that did not display growth in conditioned media (such as B. 

caccae, B. fragilis, B. vulgatus, and B. intestinalis) (Figure 4. 32), whereas species 

that thrive in conditioned media such as B. xylanisolvens or B. finegoldii do not 

completely deplete the mannose pool available to them in the media (Figure 4. 

32). These data suggest that the amount of mannose in conditioned media is not 

sufficient to support bacterial growth and that the robust growth is promoted by 

complex manno-oligosaccharides. Interestingly, mannose was almost 

undetectable after growth of B. ovatus in conditioned media. 
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Figure 4. 32 Mannose concentration in conditioned media before and after bacterial growth. 

Bacteroides strains were grown in conditioned media and supernatant was collected after 38 

hours. Mannose concentrations were measured with a linked enzyme assay using a Mannose 

detection kit. Error bars show SD. Dataset was generated from 3 biological replicates and 3 

technical repeats. 

 

4. 3. 10 Cross-feeding of S. cerevisiae mannan between B. salyersiae and B. 

xylanisolvens in vitro.  

Cross-feeding of manno-oligosaccharies with the non-mannan users was further 

investigated. Here, B. salyersiae and B. xylanisolvens were co-cultured together, 

having mannan as a sole carbon source.  Both B. salyersiae WAL 10018 and B. 

xylanisolvens DSM 18836 were grown on glucose, cells were collected from the 

mid-exponential phase OD600=0.7, washed three times with sterile PBS, and 

resuspended in 10 ml PBS. Equal amounts of both strains (6% v/v) were 

inoculated into tubes containing fresh minimal media supplemented with either S. 

Conditi
oned

 m
ed

ia 
no g

ro
wth

 

B. x
yla

niso
lve

ns D
SM 18

83
6

B. o
va

tu
s A

TCC 84
83

B. f
in

eg
old

ii D
SM 17

56
5

B. c
ac

ca
e A

TCC 43
18

5

B. f
ra

gilis
 ATCC 25

28
5

B. v
ulg

at
us A

TCC 84
82

B. in
te

st
in

ali
s D

SM 17
39

3
0

100

200

300

400

M
an

no
se

 µ
M

mannose detection 



 

 215 

cerevisiae mannan or mannose. Mono-culture controls, where Bs or Bx were 

grown individually on either mannan or mannose were also included. Cultures 

were then grown anaerobically at 37 °C, and OD600 was monitored hourly. For the 

Bs-Bx co-cultures on mannan, growth of B. salyersiae on mannan in monoculture 

was used as comparator, and 1 ml of mono- and co-cultures was collected at the 

following growth phases: start (OD600=0), early exponential (OD600=0.6), mid-

exponential (OD600=1.0), stationary (OD600=2.0) (Figure 4. 34 panel a). For co-

cultures on mannose, samples were collected with the reference to the growth 

curve of Bs on mannose: start (OD600=0), early exponential (OD600=0.5), mid-

exponential (OD600=0.8), stationary (OD600=2.0) (Figure 4. 33 a). To monitor 

change in CFU ml-1, a series of 10-fold dilutions was plated out at each growth 

phase. In addition, at each time point genomic DNA was extracted from all co-

culture samples and relative abundance of each strain was determined by qPCR, 

using unique marker genes, Bs_04085GH38 and BX_2930GH10, to identify B. 

salyersiae and B. xylanisolvens, respectively (Chapter 2 Section 2. 5. 5).   

4. 3. 10. 1 Competition for mannose  

As expected, both Bs and Bx utilised mannose as a carbon source in 

monoculture. Both Bs and Bx monocultures as well as Bs-Bx co-culture presented 

similar growth patterns, reaching the same maximum O600 (Figure 4. 33 a). In co-

culture, the abundance of Bs and Bx remained constant throughout the 

experiment (Figure 4. 33 b), with the exception of the stationary phase, where Bx 

began to dominate over Bs (Figure 4. 33 b). However, CFU ml-1 data indicate that 

neither Bs norBx impaired the ability of each other to grow in co-culture (Figure 4. 

33 c, d), suggesting that mannose is shared between the two species. 
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Figure 4. 33 Sharing of mannose between B. salyersiae and B. xylanisolvens. B. salyersiae WAL 

10018 and B. xylanisolvens DSM 18836 were co-cultured on mannose as a sole carbon source in 

anaerobic environment at 37 °C. Independent Bs and Bx monocultures were also included as 

controls. OD600 was monitored hourly Panel a: OD600 of Bs-Bx co-culture (pink trace), Bs 

monoculture (green trace), Bx monoculture (purple trace), red circles indicate time points when 

samples were collected; Panel b: ratio of Bs (green) to Bx (purple) in co-culture, identified by qPCR 

using species-specific genetic markers; Panel c: CFU ml-1 of Bs in monoculture (green trace) and 

co-culture (dashed teal trace); Panel d: CFU ml-1 of Bx in monoculture (purple) and co-culture 

(dashed purple trace). Pink trace in panels c and d shows total co-culture CFU ml-1, all CFU ml-1 

were determined by colony counts. Error bars show SD. Data are representative of 3 biological 

replicates from 2 independent experiments. 
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4. 3. 10. 2 Competition for S. cerevisiae mannan 

Consistent with previous observations, Bs displayed robust growth (max 

OD600=2.0) on branched mannan from S. cerevisiae (Figure 4. 34 a), achieving 

107 -fold change in CFU ml-1 at the stationary phase (Figure 4. 34 c). In contrast, 

Bx presented poor growth on mannan in monoculture (max OD600=0.5), which was 

preceded by a 10-hour lag phase (Figure 4. 34 a). This resulted in a 103 -fold 

increase in CFU ml-1 (Figure 4. 34 d). Interestingly, Bs-Bx co-culture reached the 

same maximum OD600 = 2.1 as Bs alone (Figure 4. 34 a). Genomic DNA analysis 

showed that the co-culture was inoculated with Bs and Bx at equal proportions at 

the beginning of experiment (Figure 4. 34 b). At the early- and mid-exponential 

phases the ratio was shifted, and the co-culture comprised of 70% Bs and 30% 

Bx. This shift was then reverted at the stationary phase, where the co-culture 

again contained equal amounts of both Bt and Bs (Figure 4. 34 b). This ratio was 

maintained at the 28-hour time point (Figure 4. 34 b). This indicates that Bs is able 

to utilise mannan first, initiating mannan breakdown and therefore outcompeting 

Bx at the early growth phases. Bs-mediated mannan depolymerisation results in 

accumulation of less complex polymers in the media, which are used as 

substrates for Bx growth. Sharing was further demonstrated by the CFU ml-1 data, 

which showed that the growth of Bs was unimpeded by the presence of Bx, as it 

continued to replicate in co-culture the same way as in monoculture (Figure 4. 34 

c). In contrast, despite being outcompeted by Bs at the early and mid-exponential 

phases, Bx still managed to undergo 104 - 105 -fold increase in CFU ml-1 during 

these initial growth phases (Figure 4. 34 d). Bx reached its highest CFU ml-1 at the 

stationary phase, which was at least 100-times higher than CFU ml-1 achieved by 

Bx in monoculture (Figure 4. 34 d).  
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Figure 4. 34 Sharing of Mannan from S. cerevisae between B. salyersiae and B. xylanisolvens. B. 

salyersiae WAL 10018 and B. xylanisolvens DSM 18836 were co-cultured on S. cerevisiae 

mannan as a sole carbon source anaerobically at 37 °C. Both Bs and Bx were also cultured on 

mannan independently. OD600 was monitored hourly. Panel a: OD600 of Bs-Bx co-culture (pink 

trace), Bs monoculture (green trace), Bx monoculture (purple trace), red circles indicate time points 

when samples were collected; Panel b: abundance of Bs (green) and Bx (purple) in co-culture, 

identified by qPCR using species-specific genetic markers; Panel c: CFU ml-1 of Bs in monoculture 

(green trace) and co-culture (dashed green trace); Panel d: CFU ml-1 of Bx in monoculture (purple) 

and co-culture (dashed purple trace). Pink trace in panels c and d shows total co-culture CFU ml-1, 

all CFU ml-1 were determined by colony counts. Error bars show SD. Data represent 3 biological 

replicates and 2 technical repeats. 

To investigate the mechanism of yeast mannan breakdown in Bs-Bx co-culture, 

cell free spent media was analysed with TLC. Co-culture and mono-culture 

samples were collected at time points as indicated in Figure 4. , the time course 
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spanned different growth phases (Figure 4. 35 a and b). Supernatant from each 

time point was analysed with TLC. As shown in Figure 4.  c, Bs continued to 

accumulate manno-oligosaccharides and mannose in the co-culture with Bx. 

Interestingly, degradation of mannan seemed more extensive in co-culture (Figure 

4. 35 c) than in monoculture with Bs (Figure 4. 35 e). Bx did not release manno-

oligosaccharides when grown on mannan independently (Figure 4. 35 d). TLC 

analysis of co-culture supernatant demonstrated that a pool of oligosaccharides 

gradually accumulated in the media, peaking at the mid exponential phase (Figure 

4. 35 c lanes 5-7). This ladder then resolved as the growth progressed into early-

stationary phase (Figure 4. 35 c lanes 8-9), indicating that it was consumed by 

either Bs or Bx. Combined with the data in Figure 4. 34, this suggests that both 

species utilise mannan in co-culture, where Bs plays a key role in debranching the 

sidechains to make structures, which are more accessible to Bx. Overall, the data 

presented in this section demonstrates that the alternative strategy of yeast 

mannan utilisation deployed by Bs facilitates growth and survival of species 

unable to degrade polymeric mannan, such as B. xylanisolvens.  
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Figure 4. 35 Analysis of cell free spent media. Supernatant was collected from Bs-Bx co-culture (a) 

and their independent monocultures (b) on S. cerevisiae mannan at indicated time points. Panel a: 

OD600 of Bs-Bx co-culture on mannan, Panel b: OD600 of growth of Bs on mannan (green trace), 

growth of Bx on mannan. Panel c: Bs-Bx co-culture, arrows indicate manno-oligosaccharides; 

Panel d: Bx growth on mannan; Panel e: Bs growth on mannan. Green circle shows mannose. 

Data are representative of 3 biological replicates and 2 technical repeats. 

4. 3. 11 In vitro sharing of S. cerevisiae mannan between B. thetaiotaomicron 

and B. salyersiae, ‘selfish’ versus ‘non-selfish’.  

It was previously shown by Cuskin et al. (2015b) that the selfish mechanism of 

yeast mannan utilisation deployed by B. thetaiotaomicron did not permit sharing 

with other non-mannan users such as B. xylanisolvens NLAE-zl-P352 or B. 

cellulosilyticus WH2. It was therefore investigated whether Bs could resist the 

competition imposed by Bt. 
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To address this, Bt and Bs were cultured together on S. cerevisiae mannan. As 

described in Section 4. 3. 10, Bt and Bs were both grown on glucose in minimal 

media, washed, and were then inoculated in equal amounts into minimal media 

supplemented with either S. cerevisiae mannan or mannose. A set of independent 

monoculture controls was also included. Cultures were grown anaerobically at 

37ºC, OD600 was monitored hourly. Culture samples were collected from 4 growth 

phases:  lag (OD600=0), early-exponential (OD600=0.5), mid-exponential 

(OD600=0.8), and stationary (OD600=1.8), respective to the growth of Bt on S. 

cerevisiae mannan. However, due to the fact that both species in this experiment 

are mannan users, a fifth time point was collected when Bs reached its maximum 

OD600=2.1. Similarly, a range of 10-fold serial dilutions was plated out to determine 

CFU ml-1 by colony counts. In addition, at each time point DNA was extracted from 

both mannan and mannose Bt-Bs co-cultures and proportion of each bacteria was 

determined with qPCR using unique species-specific genes, BT3780GH130 and 

BS_04085GH38, to identify Bt and Bs, respectively (Chapter 2 Section 2. 5. 5).  

4. 3. 11. 1 Competition assay for mannose 

As expected, both Bt and Bs were able to grow on mannose in monocultures 

(Figure 4. 36 a), displaying similar growth patterns. Interestingly, bacterial growth 

in co-culture was noticeably rapid, as suggested by a sharp increase in OD600 

(Figure 4. 36 a). This behaviour was unique to Bs-Bt co-culture as it was not 

observed when Bs was co-cultured with Bx (Figure 4. 33 and Figure 4. 34). Bt-Bs 

ratio determined by qPCR showed that Bt was able to gradually dominate in the 

co-culture, however Bs persisted and was able to survive in the presence of Bt 

(Figure 4. 36 b). CFU ml-1 data are suggestive of a strong competition for the 

carbon source, as CFU ml-1 in co-culture are 100 and 1000 times lower than when 
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Bs and Bt, respectively, are grown on mannose on their own (Figure 4. 36 c and 

d).   

 

Figure 4. 36 Competition for mannose between B. salyersiae and B. thetaiotaomicron. B. 

thetiotaomicron VPI-5482 and B. salyersiae WAL10018 were co-cultured on mannose as a sole 

carbon source anaerobically at 37 °C. Monocultures, where Bt and Bs were grown on mannose 

individually were included as controls. OD600 was monitored at regular intervals. Samples were 

collected at the specified time points. Panel a: shows OD600 of cultures: pink trace – Bt+Bs; teal 

trace – Bt, orange trace – Bs; Panel b: shows abundance of Bt (teal) and Bs (orange) in co-culture 

determined by qPCR and unique marker genes; Panel c: shows CFU ml-1 data of Bt in 

monoculture (teal trace) and co-culture (dashed teal trace); Panel d: shows CFU ml-1 data of Bs in 

monoculture (purple trace) and co-culture (dashed orange trace). Pink trace in panels c and d 

shows total CFU ml-1 in co-culture. Error bars show SD, data are representative of 3 biological and 

technical replicates.  
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4. 3. 11. 2 Competition for S. cerevisiae mannan 

Consistent with previously established phenotypes, Bt grew on mannan more 

rapidly than Bs, who displayed a 10-hour lag phase, which was then followed by 

robust growth (Figure 4. 37 a). Consistent with previous observations, Bt-Bs co-

culture underwent a sharp increase in OD600 (Figure 4. 37 a), indicating that 

bacterial growth was accelerated in co-culture. This was also reflected in the CFU 

ml-1 data (Figure 4. 37 c and d), which demonstrated that in co-culture Bs (Figure 

4. 37 d) lost its characteristic long lag phase and was able to replicate the same 

way as Bt (Figure 4. 37 c). This is an interesting trait which could suggest that the 

presence of Bs in co-culture promotes growth of Bt, or vice versa. DNA analysis 

showed that at the beginning of experiment co-culture comprised of equal 

amounts of Bt and Bs (Figure 4. 37 b). However, the ratio was quickly shifted to 

70% Bt and 30% Bs and remained constant throughout the experiment (Figure 4. 

37 b). This shows that Bt dominates the co-culture, demonstrating its strong 

competitive fitness to mannan utilisation, however Bs is still able to survive in this 

highly competitive environment better than a non-mannan degrader.    
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Figure 4. 37 Competition for mannan between B. salyersiae and B. thetaiotaomicron. B. 

thetaotaomicron VPI-5482 and B. salyersiae WAL10018 were co-cultured anaerobically at 37 °C 

on mannan as a sole carbon source. Monocultures, where Bt and Bs were grown on mannan 

individually were included as controls. OD600 was monitored at regular intervals. Samples were 

collected at indicated time points. Panel a:  OD600 of cultures: pink trace – Bt+Bs; teal trace – Bt, 

orange trace – Bs, red circles indicate time points for sample collection; Panel b: abundance of Bt 

(teal) and Bs (orange) in co-culture determined by qPCR and unique marker genes; Panel c: CFU 

ml-1 data of Bt in monoculture (teal trace) and co-culture (dashed teal trace); Panel d: CFU ml-1 

data of Bs in monoculture (purple trace) and co-culture (dashed orange trace). Pink trace in panels 

c and d shows total CFU ml-1 in co-culture. Error bars show SD. Data are generated from 3 

biological replicates and 3 independent experiments. 

To investigate mannan degradation in Bt-Bs co-culture, cell free spent media was 

collected from different time points and analysed with TLC. This showed that 

manno-oligosaccharides and mannose began to appear in the media 5 hours post 

inoculation (Figure 4. 38 a) and continued to accumulate extracellularly at later 

time points (Figure 4. 38 a lanes 4-8). As previously shown by Cuskin et al. 

(2015b), the selfish mechanism deployed by Bt does not result in accumulation of 
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oligosaccharides in the extracellular milieu, as these are immediately transported 

into the periplasmic space (Cuskin et al., 2015b). Accumulation of manno-

oligosaccharides is indicative of a ‘non-selfish’ mechanism implemented by Bs, 

however usually Bs requires at least 8 hours to initiate mannan breakdown (Figure 

4. 2). These data therefore further demonstrate that, despite being outcompeted by 

Bt, in a co-culture with Bt, Bs manages to continue to utilise mannan in a non-

selfish way. Bt-Bs co-culture reached OD600 of 0.4 in 3 hours and this growth 

rapidly continued, reaching mid-exponential growth OD600=1.0 in 7 hours (Figure 

4. 38 b). At this time point, the independent monoculture of Bt just entered an 

early exponential growth, while the monoculture of Bs was still in its lag phase 

(Figure 4. 38 b). However, TLC of the co-culture supernatant (Figure 4. 38 a) is 

indicative of metabolically active Bs cells, suggesting that Bs was able to grow 

faster in a co-culture with Bt. This also suggests that mannan degradation occurs 

in concert, where perhaps Bt alleviates steric constraints, making mannan easier 

to access for Bs.  

In addition to oligosaccharides, gradual accumulation of mannose in the culture 

supernatant was also observed, which peaked at the 10-hour time point and 

declined at the later time points (Figure 4. 38 a). Spectrophotometric assays 

showed that roughly 400 μM of mannose is accumulated in the co-culture 

extracellular milieu (Figure 4. 38 c). To compare this to the total amount of 

mannose composing 10 mg ml-1 of mannan from S. cerevisiae, mannan was acid 

hydrolysed and the total amount of available mannose was also measured. This 

showed that in co-culture with Bt, Bs is able to release approximately 10% of 

available mannose extracellularly (Figure 4. 38 d), which is then consumed at the 

stationary phase. Extracellular mannose accumulation is counterintuitive as given 
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the competitiveness of Bt, it was expected that Bt would rapidly consume available 

monosaccharides.  

 

Figure 4. 38 Analysis of cell free supernatant taken from Bt-Bs co-culture on mannan from S. 

cerevisiae. Panel a: TLC of cell free supernatant taken from specified time points during the Bt-Bs 

growth on mannan. Arrows indicate a pool manno-oligosaccharides, green circle shows mannose 

standard; Panel b: Growth curves (OD600) of Bs (grey trace), Bt (black trace), and Bt-Bs (pink 

trace) on mannan; Panel c: mannose concentration accumulated in the co-culture supernatant. 

Error bars show SD. Data are representative of 3 biological replicates from 2 independent 

experiments. 

4. 4 Discussion  

The human gut is highly populated with a vast microbial community, which 

harbours an immense metabolic capacity to digest a wide range of complex 

carbohydrates. Microbes have therefore developed a few strategies to co-exist in 

the densely populated ecosystem of the gut. In one model, microbes occupy their 
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distinctive niches whilst displaying strict preference for a set of carbon sources 

and, thereby, avoiding direct competition with the others. As an example, Bt is the 

only species within the Bacteroides genus that can utilise levan (β-2,6-fructose 

polymer) (Sonnenburg et al., 2010). 

However, given the complexity of microbial population in the human gut, it is likely 

that these substrate-specific species perform primary stages of glycan 

degradation and initiate sharing of complex substrates between the members of 

the microbiota. This was demonstrated by Rakoff-Nahoum et al. (2014) where a 

range of Bacteroides spp was screened against multiple complex carbohydrates, 

consequently splitting them into two groups: utilisers and non-utilisers of a 

particular carbon source. When a utiliser is grown on its preferred substrate, it 

liberates a pool of simpler by-products, which are rapidly consumed by the non-

utiliser strains (Rakoff-Nahoum et al., 2014). Here, it was shown that Bt produced 

a range of shorter carbohydrates as a result of its growth on levan, which then 

supported growth of the other Bacteroides species (Rakoff-Nahoum et al., 2014). 

Another example of glycan sharing was demonstrated by Rakoff-Nahoum et al. 

(2016), where B. ovatus was shown to receive reciprocal benefits from B. vulgatus 

in exchange for a pool of fructo-oligosaccharides generated as a result of its 

metabolic activity on inulin. Moreover, glycan sharing also occurs at the inter-

phylum level, as a member of the Firmicutes phylum, Ruminococcus bromii, was 

shown to play a critical role in the initiation of breakdown of resistant starch, 

facilitating cross-feeding with other Bacteroidetes such as Bt (Ze et al., 2012). 

Recently, cross-feeding of glycans was suggested to be central for establishing a 

diverse community at birth, as members of the gut microbiota in the breast-fed 
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infants actively share Human Milk Oligosaccharides (HMO), promoting each 

other’s growth (Lawson et al., 2020). 

As previously discussed, degradation of yeast α-mannan is limited to a number of 

Bacteroidetes (Cuskin et al., 2015b). Bt was found to possess a range of exo- and 

endo- acting enzymes, binding, and transport proteins, that are grouped into three 

mannan PULs. Proteins from these mannan PULs assemble a machinery, where 

large pieces of yeast α-mannan are released, transported into the periplasmic 

space and degraded intracellularly. Bt did not share mannan with other poor α-

mannan utilisers, such as B. xylanisolvens, nor it made mannan more accessible 

to non-utilisers, such as B. cellulosyliticus. Therefore, the mechanism of mannan 

utilisation in Bt was termed “selfish” (Cuskin et al., 2015b).  

In this chapter, it was demonstrated that the strategy of mannan utilisation 

deployed by Bs is contrasting to the ‘selfish’ mechanism, previously described in 

Bt. Unlike Bt, Bs releases large manno-oligosaccharides in the culture supernatant 

using enzymes localised to the cell surface. Interestingly, in addition to 

oligosaccharides, Bs accumulates a substantial amount of mannose extracellularly 

when it is grown in vitro on S. cerevisiae α-mannan or when the whole cells are 

incubated with this substrate. This strongly suggests the presence of a highly 

efficient exo-mannosidase localised on the surface. The accumulation of a simple 

sugar in the extracellular milieu seems counter-intuitive, however, similarly, 

Ruminococcus bromii liberates glucose by its surface amylases, to promote 

growth of other species in co-culture, when grown on starch (Ze et al., 2012). R. 

bromii was shown to play a central role in mediating sharing of resistant starch 

with the other members of the microbiota (Ze et al., 2012), this gave a suggestion 

that Bs promotes microbial diversity via acting as a producer of shorter manno-
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oliosaccharides and simple mannose, which could be cross-fed to non-mannan 

users.  

4. 4. 1 Mannan-degrading apparatus in B. salyersiae 

As we were dissecting the mechanism of mannan utilisation in Bs, a genetic 

cluster (BS_04071-BS_04092) containing mannan-specific enzymes was 

identified. Biochemical characterisation of this locus showed that BS_04090GH76 

acts as a highly efficient surface endo-mannosidase, which, unlike any of the 

GH76s from the three mannan PULS in Bt, is able to perform hydrolysis of highly 

branched α-mannan. Closest orthologue of BS_04090, sharing 76% sequence 

identity, in Bt was found to be BT3301GH76, which is encoded outside mannan 

PULs and was not upregulated in response to yeast α-mannan in Bt (Cuskin et al., 

2015). Despite being similar, BT3301GH76 was not able to hydrolyse branched 

mannan and both, BT3301GH76 and BS_04090GH76, displayed different activities 

against mannan composed of α-1,6-linked backbone. This genetic locus also 

contains a second GH76, BS_04077. For unknown reasons, we were unable to 

clone its gene into pET28a or pBAD-HisA expression vectors, as well as a 

pET22b vector, which enables periplasmic expression. As discussed in Section 4. 

3. 7 this protein possesses a multi-modular organisation, being composed of a 

catalytic GH76 domain as well as potential binding domains CBM6 and F5/8-type-

C, a RICIN domain and other domains of unknown function. Cloning of individual 

domains into either pET28a, pET22b, or pBAD-HisA also failed. RICIN is a toxic 

lectin isolated from castor bean seeds, which binds sugars at the cell surface and 

inhibits protein synthesis (Yao 2011). RICIN-like lectins have been proposed to 

possess at least 3 glycan binding sites which recognise galactose moieties (Fu et 

al., 1996, Yao et al., 2011). A Ricin-like domain in a GH10 from Luteimicrobium 
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xylanilyticum isolated from the gut of a long-horned beetle has been suggested to 

mediate binding to a variety of hemicellulose substrates, contributing to the 

processivity of the enzyme (Kim et al., 2018). It is possible the presence of the 

RICIN-like domain precluded cloning of BS_04077GH76, however cloning of the 

GH76 domain alone was also unattainable, indicating that the catalytic domain 

itself is toxic for E. coli, the reason for which is unknown. BlastP search for 

homologues showed that BS_04077GH76 was strictly specific to Bs, whereas GH76 

domain shared 50% identity with putative proteins from B. finegoldii and a few 

Prevotella species. BS_04077GH76 contains a C-terminal domain targeting it for the 

Type 9 Secretion System (T9SS). The T9SS is an alternative method of 

translocating proteins to the cell surface and is described in more detail in Chapter 

5. It is therefore possible that BS_04077 contributes to mannan degradation at the 

cell surface, generating a pool of branched oligosaccharides.  

A possible candidate for the enzyme, which drives accumulation of extracellular 

mannose could be BS_04085GH38, encoded in the same genetic cluster as 

BS_04090GH76 and BS_04077GH76. The closest homologue of BS_04085GH38 in Bt 

is BT3774GH38 (40% identity) (Figure 4. 39 a). BT3774GH38 was shown to localise 

in the periplasmic space, where it orchestrates mannan breakdown in Bt (Cuskin 

et al., 2015b). BT3774GH38 shares close homology (69%) with a second GH38 

characterised in this chapter, BS_01537GH38 (Figure 4. 39 a). BS_01537GH38 

displayed poor activity on branched mannan from the wild type S. cerevisiae, 

showing preference for shorter substrates. Similar to BT3774, it contains N-

terminal SPI signal, indicating that this enzyme is most likely located in the 

periplasmic space. The other two mannosidases described in this chapter, 

BS_04089GH125 and BS_04078GH92, displayed broad specificities against α-1,2 and 
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α-1,6-mannosyl substrates. Both of them carry SPI signals at the N-termini. 

Combined, this suggests that BS_01537GH38, BS_04089GH125, and BS_04078GH92 

work in concert to depolymerise mannan periplasmically. BS_4085GH38 displayed 

strong preference for wild type and also mnn1 and mnn5 mannan variants and 

was able to debranch these substrates more efficiently than BS_01537GH38. 

Interestingly, BLAST analysis showed that BS_04085GH38 did not share more than 

40% sequence similarity with any of the known proteins from other species, 

strongly indicating that this mannosidase is highly specific to Bs. Analysis of the 

amino acid sequence in the C-terminus revealed that BS_04085GH38 also contains 

C-terminal motifs associated with the T9SS (Chapter 5), suggesting that this 

mannosidase probably orchestrates mannan breakdown at the cell surface. 

 The enzymatic cocktails comprising of BS_04085GH38 and BS_04090GH76 

liberated a ladder of oligosaccharides from the highly branched wild type mannan, 

but the nature of this ladder was not the same as the one produced by the whole 

cells, suggesting that other enzymes also contribute. It is possible that unknown 

proteins in uncharacterized PUL7 could act as endo-acting mannanases, however 

BS_04077 would be the most likely candidate. Combined, we propose that 

BS_04085GH38, BS_04090GH76, and possibly BS_04077GH76 initiate mannan 

breakdown at the cell surface of Bs, resulting a pool of branched oligosaccharides 

and mannose. Some of these oligosaccharides are then transported into the 

periplasmic space and their depolymerisation is completed intracellularly with 

BS_01537GH38, BS_04078GH92, BS_04089GH125, and possibly uncharacterised 

BS_01536GH125.  

In addition to BS_04071-BS_04092 PUL, S. cerevisiae mannan induced low 

upregulation of an additional group of genes, enclosed in a Cazy-predicted PUL 7. 
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This PUL contains three GH92s, two of which BS_00849 and BS_00450, were as 

highly upregulated as proteins in Mannan PUL 1. Analysis of amino acid sequence 

showed that BS_00849GH92 and BS_00842GH92 shared 51 and 59 percent of 

sequence similarity to BT3773GH92 (Figure 4. 39 a), a periplasmic α-1,3 

mannosidase from Mannan PUL 2 in Bt. Unlike BT3773GH92, both BS_00849GH92 

and BS_00842GH92 contain SPII sites, indicating that they are located on the cell 

surface. Phylogenetic analysis showed that BS_00842GH92 positions on the same 

branch as BT3773GH92, while BS_00849GH92 creates its own separate branch 

(Figure 4. 39 c). This indicates, that both BS_00842GH92 and BS_00849GH92 most 

likely possess α-1,3-mannosidic activities, and, given their N-terminal signals, 

most likely also participate in debranching of wild type α-mannan on the cell 

surface. BS_00850GH92 clustered together with α-1,2 mannosidases and carries 

an SP1 cleavage site, suggesting that it performs its function intracellularly. 

Biochemical characterisation of these three GH92 was beyond the scope of this 

thesis due to the time constraints.  
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Figure 4. 39 Phylogenetic analysis of mannosidases from Bs. Panel a and b: Identity matrix of 

GH38s and GH92s, respectively, generated with Clustal Omega. Panel c:  Phylogenetic tree of 31 

GH92 enzymes found in B. thetaiotaomicron and B. salyersiae. The tree was generated in MegaX 

using the following settings: the evolutionary history was inferred by using the Maximum Likelihood 

method and Le Gascuel 2008 model. The percentage of trees in which the associated taxa 

clustered together is shown next to the branches. The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site. 
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4. 4. 2 Sharing of manno-oligosaccharides between gut Bacteroides  

We next addressed the question of the biological role of this alternative 

mechanism of mannan degradation contrasting to the one deployed by Bt. We 

also investigated whether other Bacteroides species could utilise mannan by-

products, using assays with conditioned media. This identified a subset of species, 

namely: B. ovatus ATCC8483 and CL03TI2C18, B. xylanisolvens DSM18836 and 

NLAE-zl p727, and B. finegoldii DSM17565 and CL09T03C10, which thrived on 

pre-digested mannan. These species presented inter-strain phenotypic differences 

when they were grown on branched wild type mannan, as a sole carbon source, 

however their ability to thrive on mannan by-products was consistently retained.  

Mannan cross-feeding was then further assessed in a set of competition assays. 

Previously it was shown that B. xylanisolvens outcompetes Bt in in vitro 

conditions, where mannose is a sole carbon source (Cuskin et al., 2015b). Unlike 

this, Bx shared mannose with Bs in co-culture. In a co-culture for mannan, Bs 

outcompeted Bx at initial growth phases, however despite this, the fitness of Bx 

was significantly enhanced. These assays showed that Bs and Bx co-existed in a 

co-culture where mannan was a sole carbon source, demonstrating that yeast 

mannan is actively cross fed between the members of the gut microbiota. As 

shown by Cuskin et al. (2015b), Bt displayed a strong competitive fitness on yeast 

α-mannan and did not permit sharing with other Bacteroides, such as Bx NLAE-zl 

p352 or B. cellulosilyticus WH2. Therefore, the next question addressed was 

whether the alternative sharing mechanism can counterpoise the competitiveness 

of the ‘selfish’ mechanism. A set of co-cultures of Bt with Bs, showed that, while 

sharing mannose, Bt still outcompeted Bs in the co-culture on yeast mannan, 

however Bs was able to survive a lot better than a non-mannan degrader. 
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Moreover, it was noticed that in the presence of Bt, Bs was able to digest mannan 

at a faster rate, suggesting that Bt shows cooperation by producing simpler 

substrates for Bs.  

Interestingly, extracellular mannose generated by Bs was not essential for 

inducing growth of other Bacteroides species. On the contrary, extracellular 

mannose was primarily consumed by the species which did not display growth in 

conditioned media, whereas species, which thrived in conditioned media, did not 

show dependence on the availability of free mannose in the media. This therefore 

indicates that mannan cross-feeding is mediated by complex oligosaccharides 

rather than mannose produced by Bs. Whilst the most logical explanation would 

be that extracellular mannose supports growth and survival of other normal 

members of the gut microbiota, the alternative could be that it renders protection 

to the intestinal lining against pathogenic bacteria. Binding of mannosides to FimH 

adhesin, downregulates expression of the type 1 pili in Uropathogenic E. coli 

(UPEC), reducing its adhesion to epithelial cells and survival of UPEC in murine 

intestinal tracts (Spaulding et al., 2017, Schwan et al., 2018). Thus, accumulation 

of extracellular mannose as a result of yeast α-mannan degradation by B. 

salyersiae could possibly inhibit pathogenesis of virulent bacterial species.  

It was previously discussed by Cuskin et al. (2015b), whilst presenting poor ability 

to grow on yeast mannan, all strains of both B. ovatus and B. xylanisolvens 

possess elements of mannan PUL 1 and 2 (Figure 4. 40 and Figure 4. 41). 

Moreover, genome analysis showed that porcine Bx isolates (NLAE-zl P727, 

P732, P736, P393, P352) have inherited mannan PUL 1 but not mannan PUL 2 

from Bt via a conjugative transposition (Cuskin et al., 2015b). Analysis of the 

genome of B. finegoldii DSM17565 showed that it contains elements of mannan 
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PUL 3 found in Bt, which includes a surface endo-acting α-1,3-mannanase from 

GH99 family, which was shown to be essential for mannan debranching in Bt 

(Figure 4. 41). Moreover, Bx, Bo and Bfine but not Bt or Bs share a genetic 

cluster, comprising of 2 GH76s and one GH92, which maintains its synteny in all 

three species (Figure 4. 42) This demonstrates that enzymes in these genetic 

regions provide Bx, Bo, and Bfine with the saccharolytic capacity to digest 

simplified mannan variants but not the highly branched polysaccharide from the 

wild-type yeast.  

Combined, this chapter showed that Bs is able to mediate efficient breakdown of 

yeast α-mannan using a range of surface and periplasmic enzymes, generating a 

pool of oligosaccharides in the extracellular milieu as a result. In a competition 

with Bt, Bs was able to withstand the competitive pressure imposed by Bt and 

continued to utilise mannan using its alternative mechanism. Products of this 

alternative mechanism of mannan utilisation supported growth of a subset of other 

poor mannan-degrading Bacteroides species. This demonstrates that members of 

the gut microbiota have developed multiple strategies for accessing mannan in the 

gut. 
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Figure 4. 40 Structural organisation of Mannan PUL 2 in B. thetaiotaomicron VPI-5482 and its 

similarity with PULs found in B. ovatus ATCC 8483 and B. xylanisolvens DSM 18836. MAN-PUL 2 

shares structural synteny with PULs in Bo and Bx, but not Mannan PUL in Bs. Red stars mark 

enzymes unique to Bs. 
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Figure 4. 41 Structural organisation of Mannan PUL 1 and Mannan PUL 3 in B. thetaiotaomicron 

VPI-5482. Elements of MAN-PUL 1 are retained in B. xylanisolvens DSM 18836 and B. ovatus 

ATCC 8483, elements of MAN-PUL3 are retained in B. finegoldii DSM 17565. 
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Figure 4. 42 Structural organisation of a genetic cluster shared between B. finegoldii DSM 17565, 

B. xylanisolvens DSM 18836, and B. ovatus. ATCC 8483 
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Chapter 5: Type 9 Secretion System in B. salyersiae 

and its role in mannan degradation 

5. 1 Introduction  

Biochemical characterisation of yeast α-mannan breakdown in B. salyersiae 

revealed that some proteins in Mannan PUL 1 contain Secre-tail domains (Pfam: 

PF18962; TIGRFAM: TIGR04183) at their C-termini, which were described to 

target them for the Por Secretion system (Chapter 4). Homologues of this domain 

were also found in Porphyromonas gingivalis, Fibrobacter succinogenes, 

Flavobacterium johnsoniae, Cytophaga hutchinsonii, Gramella forsetii, Prevotella 

intermedia, and Salinibacter ruber. The Por secretion system was first described 

in Porphyromonas gingivalis by Sato et al. (2005), where it was shown to mediate 

extracellular secretion of virulence factors, gingipain proteases (Sato et al., 2005, 

Sato et al., 2010). The same type of system was also shown to locate proteins to 

the outer membrane to implement gliding motility in Flavobacterium johnsoniae 

(Braun et al., 2005, Mcbride and Zhu, 2013). Orthologues of structural 

components of this system were restricted to the members of the Bacteroidetes 

phylum such as Flavobacterium and Cytophaga but were not found in human gut 

Bacteroides such as B. thetaiotaomicron or B. fragilis (Mcbride and Zhu, 2013, 

Mcbride, 2019). They also lacked homology with any other proteins assembling 

previously characterised secretion systems (I-VIII), and therefore the new system 

was given number 9. The spatial organisation of the proteins composing the T9SS 

in P. gingivalis has recently been proposed by Gorasia et al. (2020) (Figure 5.  1). 
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Figure 5.  1 Structural organisation of the Type 9 Secretion System in P. gingivalis. Model was 

adapted from Gorasia et al. (2020).T9SS forms a multiprotein transmembrane complex, where 

SprA is the main translocon, which interacts with surface sortase PorU through PorV. Signalling 

occurs via communication between PorK-PorN-PorE-PorM complex and intracellular transducer 

PorL. 

5. 1. 1 Type 9 secretion system complex 

5. 1. 1. 1 T9SS in Porphyromonas gingivalis 

Sato et al. (2005) showed that secretion of gingipains was orchestrated by a 

periplasmic protein porT. PorT was then shown to interact with a range of other 

proteins, which assembled into a transmembrane complex to secrete virulent 

proteases (Figure 5.  1) (Sato et al., 2010, Saiki and Konishi, 2007). P. gingivalis 

mutants lacking either of these proteins failed to secrete gingipains, accumulating 

them at the cell surface (Sato et al., 2010). It was also discovered that closely 
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encoded proteins PorK, PorN, PorP, PorM, and PorL were required for export of 

gingipains across the inner and outer membranes, while the two orphan proteins 

PorX and PorY acted as signal transducers and controlled expression of the 

proteins within this novel secretion system (Gorasia et al., 2016, Vincent et al., 

2016). 

5. 1. 1. 2 T9SS in Flavobacterium johnsoniae 

The main two extracellular adhesins, SprB and RemA, which facilitate gliding in F. 

johnsoniae were shown to be translocated to the cell surface via orthologues of 

the T9SS (Braun et al., 2005, Shrivastava et al., 2013, Nelson et al., 2008). The 

orthologue of P. ginigivalis PorT, SprT, was found to play a central role in 

localising the main adhesin, SprB, at the cell surface. Cells lacking this protein 

exhibited defective gliding. Deletion of T9SS components, namely gldM, gldK, 

gldM, abrogated ability to attach to surface and resulted in completely nonmotile 

phenotypes in F. johnsoniae (Shrivastava et al., 2013, Rhodes et al., 2010). 

Interestingly, strains deficient in T9SS components were also unable to hydrolyse 

GlcNAc substrates, which was shown to be dependent on secretion of an enzyme 

from the GH18 family, ChiAGH18 ((Rhodes et al., 2010, Kharade and Mcbride, 

2014). The ability to break down GlcNAc substrates was found to be independent 

of gliding Kharade and Mcbride (2014), suggesting that T9SS performs multiple 

functions in F. johnsoniae. (Mcbride and Zhu, 2013) showed that T9SS also 

mediated gliding in a range of members of the Bacteroidetes phylum. 

5. 1. 2 Organisation and mechanism 

Currently T9SS is comprised of 19 proteins assembled into a transmembrane 

complex (Figure 5.  1), however its precise organisation remains unknown (Gorasia 
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et al., 2020). The transport of the T9SS substrates is mediated through the SprA 

(Sov) β-barrel protein, which forms a large pore in the outer membrane (Saiki and 

Konishi, 2007, Lauber et al., 2018). SprA co-expresses with the Plug and PPI 

proteins, while the function of the PPI protein is currently unknown, the Plug 

protein is believed to act as a barrier, which controls the passage of small 

molecules through the pore (Lauber et al., 2018). These further associate into an 

extremely large transmembrane complex with other proteins: PorK, PorN, PorW, 

and PGN_1783 (Lauber et al., 2018). Lauber and colleagues also showed that 

SprA co-expresses with PorV, which interacts with sortase PorU, the main 

peptidase orchestrating extracellular secretion or attachment of target proteins to 

the outer membrane (Glew et al., 2012, Gorasia et al., 2015). The PorV-PorU 

complex localises in close proximity with a PorZ-PorQ complex, which also has 

been suggested to play a role in sorting of T9SS substrates (Gorasia et al., 2015, 

Gorasia et al., 2020). 

The export of cargo proteins across the membranes occurs in a two-step 

mechanism. Targets are first translocated into the periplasmic space via the Sec-

pathway through the N-terminal SPI signals. Then, structural components of the 

T9SS, mainly PorW-PorV, recognise conserved amino acid domains at the C-

termini (CTDs) of target proteins and guide them through the SprA pore to be 

processed by sortase PorU (Figure 5.  1) (Saiki and Konishi, 2014, Kulkarni et al., 

2017). PorU removes the CTDs and either conjugates mature proteins to the 

anionic LPS, anchoring them in the outer membrane, or releases them into the 

extracellular milieu (Figure 5.  1) (Shoji et al., 2002, Gorasia et al., 2015). The 

sortase-like mechanism is similar to the one seen in Gram-positive S. aureus 
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(Mazmanian et al., 2001), however T9SS machinery is restricted to the 

Bacteroidetes phylum. 

5. 1. 3 Conserved C-terminal domains 

Gingipains and 682 other proteins from 87 Bacteroidetes species were found to 

contain a highly conserved region at the C-terminus (Seers et al., 2006, Veith et 

al., 2013). C-terminal domains reside in the last 100-80 amino acids and fold into 

a β-sandwich, forming a separate structural domain (De Diego et al., 2016). There 

are two types of CTDs, which have been split into two respective Pfam families, 

TIGR04183 (Type A) and TIGR04131 (Type B) (Kulkarni et al., 2017, Kulkarni et 

al., 2019). The underlying mechanism of processing of Type B CTD carrying 

proteins is unknown (Gorasia et al., 2020). Type A CTDs in both F. johnsoniae 

and P. gingivalis are characterised by a number of conserved motifs: B, D, and E. 

The motif B contains a conserved Glycine (G) residue, motif D is characterised by 

a conserved Glycine-Leucine-Tyrosine (GLY) repeat, and a motif E contains a 

conserved Lysine-xxx-Lysine (KxxxK) fragment at the very end of the protein 

(Figure 5.  2) (Veith et al., 2017, Kulkarni et al., 2017). Substrates of the T9SS are 

required to retain conserved amino acids residues in all three motifs 

simultaneously (Veith et al., 2017). Shoji et al. (2011) showed that the last two 

motifs D and E are crucial for efficient translocation of CTD-proteins to the outer 

membrane. In addition, deletion of the last few residues of the CTD in RgpB 

gingipain resulted in aberrant protein glycosylation, dysfunction, and accumulation 

of the protein intracellularly (Nguyen et al., 2007). As demonstrated by (Kharade 

and Mcbride, 2014), F. johnsoniae ChiA also contains a CTD, which was shown to 

be essential for secretion of chitinase. The removal of this C-terminal signal 
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aborted extracellular secretion of the enzyme as it remained bound to the cell 

surface. A fluorescent protein conjugated to a ChiA-derived CTD was actively 

secreted by F. johnsoniae, indicating that a CTD functions as an export signal 

directing proteins for the secretion by the T9SS (Kharade and Mcbride, 2014).  

Some of mannan degrading enzymes in B. salyersiae were predicted to contain 

T9SS-associated CTDs. This type of domain has never been described to be 

involved in glycan metabolism in gut Bacteroides before and therefore the 

contribution of the T9SS to the breakdown of yeast mannan was investigated in 

this chapter.  
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Figure 5.  2 Type 9 Secretion System associated C-terminal domains. Panel a: T9SS substrates 

carry N-terminal SPI signal and conserved C-terminal domain with motifs B, D, and E, Motifs are 

conserved in Type A substrates in F. johnsoniae and P. gingivalis, as determined by Veith et al. 

(2013) and Veith et al. (2017), diagram was adapted from Veith et al. (2017). Panel (b) Summary 

of main amino acid residues associated with T9SS C-terminal motifs; residues highlighted in pink 

are absolutely conserved in all T9SS substrates.  

 

5. 2 Objectives 

1. Begin characterisation of the T9SS in B. salyersiae 

2. Identify proteins directed to the T9SS in B. salyersiae 

3. Investigate the role of the T9SS in the breakdown of mannan from S. 

cerevisiae  

4. Perform biochemical characterisation of T9SS proteins in Mannan PUL 1 
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5. 3 Results  

5. 3. 1 Type 9 Secretion system in B. salyersiae.  

Using BlastP, the genomes of B. salyersiae WAL 10018 and CL02T12C01 were 

searched for homologues of proteins assembling T9SS in P. gingivalis and F. 

johnsoniae. This analysis revealed that B. salyersiae WAL100018 and B. 

salyersiae CL02T12C01 possess orthologues of the main structural proteins of the 

T9SS (Table 5. 1). These proteins however were not enclosed in PULs and were 

found as orphan genes scattered throughout the genome. The exception was 

porP-porK-porL-porM-porN, which were found to be closely encoded, this is in line 

with (Sato et al., 2010), who showed that these genes are co-transcribed in P. 

gingivalis. Components of the T9SS in B. salyersiae showed relatively low 

sequence similarities with the proteins assembling the T9SS in either P. gingivalis 

or F. johnsoniae, however, overall, they were more similar to ones found in P. 

gingivalis (Table 5. 1) 
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Table 5.  1 Table of homologues of structural T9SS proteins found in B. salyersiae WAL 10018. 

Proteins were identified using BLASTP and IMG search engines, percentage identity was 

assessed by BLAST.  

Analysis of the comparative proteomics performed in Chapter 4 showed that some 

of the proteins composing the T9SS were not upregulated but present at the 

amounts, where they could be detected in both glucose and mannan grown cells 

(Figure 5.  ). These included the main pore-forming translocon protein, SprA 

(HMPREF1532_03761), and its Plug protein (HMPREF1532_03526). It was also 

possible to detect proteins, which recognise T9SS targets, PorK 

(HMPREF1532_02241), PorN (HMPREF1532_02244), PorM 

(HMPREF1532_02243), and the signal transducers, PorL (HMPREF1532_02242) 
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and PorY (HMPREF1532_04120) (Figure 5.  ). The main complex, orchestrating 

extracellular cleavage of CTDs from the cargo proteins, which comprises of 

sortase PorU (HMPREF1532_04019), its anchoring protein PorV 

(HMPREF1532_04018), and their stabilising protein PorW 

(HMPREF1532_01108), was also present (Figure 5.  ). In addition, two other 

proteins, a Ton-B dependent transporter (HMPREF1532_02510, Ton-B-

dependent transporter) and OmpA protein (HMPREF1532_03848), were also 

detected, however their function in the T9SS complex is unclear (Figure 5.  ). 

Combined these proteins assemble into a transmembrane complex as shown in 

Figure 5.  . After normalising data to glucose, protein fold change of T9SS 

components remained between 0 and 1 (Figure 5.   b), indicating that they are 

produced in equal amounts in response to yeast mannan as well as glucose. This 

suggests that T9SS is ubiquitously expressed in B. salyersiae and is independent 

of a nutrient source. 
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Figure 5.  3 Proteome of B. salyersiae in response to yeast α-mannan. Panel a: Volcano plot 

shows differentially regulated proteins in response to mannan. T9SS structural proteins are 

highlighted in red, summarised in panel b. Log2 ⩾2 was taken as a cut off for upregulation, 

highlighted in blue. 
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Figure 5.  4 Diagram of T9SS in B. salyersiae. Structural components shown in colour were 

detected upon proteomics analysis, proteins shown in grey: PorP, PorT, PorX, PorQ, and PorZ 

were not detected. T9SS substrates are translocated to the periplasmic space through the Sec 

pathway via SP1 N-terminal signals. In the periplasmic space, structural T9SS proteins recognise 

CTDs. PorW-PorV guide targets through the SprA pore to sortase PorU, which cleaves CTDs and 

either attaches targets to the outer membrane or secretes them extracellularly. PorY and PorL are 

signal transducers, which control expression of the components in the system 

5. 3. 2 Proteins targeted for the secretion by the Type 9 system carry C-

terminal domains.  

5. 3. 2. 1 Structural components  

Recently, it has been suggested that in P. gingivalis PorZ associates with PorQ to 

process proteins with type B CTDs (Lasica et al., 2016, Gorasia et al., 2020). 

Moreover, P. gingivalis strain lacking PorZ accumulates A-LPS in the periplasmic 
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space (Madej et al., 2021). PorZ was shown to form complexes with PorU and 

directly bind phosphomannan component of A-LPS, implicating its role in the 

shuttle of the T9SS substrates (Madej et al., 2021). Interestingly, genome analysis 

showed that B. salyersiae possesses a homologue of PorZ but not PorQ (Table 5. 

1). However, PorZ was not detected in the proteomics analysis, indicating that 

PorQ-PorZ complex do not form in B. salyersiae (Figure 5.  ). This suggests that all 

target proteins are directed to the T9SS via Type A CTD signals.  

The sortase (PG0026) in P. gingivalis retains its CTD signal despite being 

embedded in the outer membrane (Glew et al., 2012). It was then investigated 

whether structural components of the T9SS in B. salyersiae carry CTDs, which 

would distinguish them from other proteins. Amino acid sequences of all proteins 

were retrieved from IMG (https://img.jgi.doe.gov), the last 80 amino acids were 

aligned in Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The sortase 

from P. gingivalis shares 35% sequence similarity with B. salyersiae sortase 

(HMPREF1532_04019), last 80 amino acids of PG0026 were still aligned 

alongside as a positive control. This analysis showed that out of 17 structural 

proteins, the sortase PorU (HMPREF1532_04019) and PorZ 

(HMPREF1532_01909) were the only two proteins which contained conserved 

residues characteristic of motif B, motif D, and motif E of T9SS CTDs, others 

retained fragments of these motifs (Figure 5.  ). The CTD motifs aligned with the 

residues in P. gingivalis sortase (Figure 5.  ). This finding is consistent with the 

hypothesis that PorZ and PorU both mediate processing of CTDs, where PorU 

recognises Type A CTDs, while PorZ is specific for the signals in Type B CTDs. 

The mechanism of PorU-mediated removal of CTDs is somewhat characterised in 
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P. gingivalis, however the exact cleavage site still remains unknown (Glew et al., 

2012). The mechanism of sorting proteins containing type B CTDs is unknown.  

 

Figure 5.  5 CTDs in T9SS structural proteins. Last 80 amino acid residues were aligned in Clustal 

Omega. CTD in PG0026, PorU sortase in P. gingivalis, was used to identify position of conserved 

motifs. Position of conserved motifs is highlighted in green and conserved amino acid residues are 

highlighted in pink. 2 out of 17 structural proteins, PorZ and PorU, contain conserved residues of 

T9SS CTDs. 

5. 3. 2. 2 Type A CTD-carrying proteins in B. salyersiae and other gut 

Bacteroides. 

The number of proteins targeted for the T9SS in B. salyersiae was then 

investigated. This analysis was performed by Curtis Cottam as part of his MRes 
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project under my supervision. Figures and data from his work are indicated in 

figure legends. The genome of B. salyersiae WAL10018 was searched for 

proteins predicted to contain TIGR04183 domain, which is found in Type A CTDs, 

using Integrated Microbial Genomes systems (https://img.jgi.doe.gov). This 

analysis identified 99 proteins, 19 of which were assigned to a range of glycoside 

hydrolase families, while 80 had other or unknown functions (Figure 5.  ). For 

comparison, the same analysis was performed in F. johnsoniae as well Bt and 

other common gut Bacteroides. This showed that, unlike B. salyersiae, F. 

johnsoniae possessed only 40 proteins, carrying TIGR04183 domain, 8 of which 

were predicted to function as glycoside hydrolases (GHs) and 30 were assigned to 

have “other” functions (Figure 5.   a). Proteins with TIGR04183 domain were not 

identified in most Bacteroides species, with the exception of B. nordii, which was 

found to possess 120 proteins: 11 GHs and 99 “other” (Figure 5.   a). A very small 

number of TIGR04183 domain containing proteins was also found in B. intestinalis 

(2 GHs and 5 “other”), and B. xylanisolvens (1GH) (Figure 5.  ). Analysis of GHs in 

B. salyersiae, carrying T9-associated CTDs, revealed that they belonged to 12 

different GH families, showing a wide range of substrate specificities (Figure 5.   b). 

Interestingly, all (5) GH85s, a family of endo-acting β-N-acetylglucosaminidases, 

which cleave a range of branched N-glycans from a variety of glycosylated 

proteins, in B. salyersiae contained TIGR04183 domain in their C-termini (Figure 5.  

b). This demonstrates that the T9SS is restricted to a very small subset of gut 

Bacteroides species. Proteins directed to the secretion by the T9 system exert a 

range of functions, demonstrating that T9SS plays a number of roles in B. 

salyersiae rather than being limited to yeast mannan breakdown. 
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Figure 5.  6 Number of proteins, containing Type A (TIGR04183) CTDs, among a range of 

Bacteroidetes. Panel a: total number of proteins predicted to contain TIGR04183 domain by 

species, bars coloured in teal show predicted Glycoside Hydrolases, bars coloured in grey show all 

other proteins with TIGR04183 domain (Type A CTD). Panel b: Total number of glycoside 

hydrolases predicted to contain T9SS-assocaited CTDs in gut Bacteroides and F. johnsoniae. GH 

families are colour coded, GHX includes proteins with possible GH activity but family is unknown. 

Figures in panels in a and b were generated by Curtis Cottam.   
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5. 3. 2. 3 CTDs in Mannan PUL 

Biochemical characterisation of proteins from B. salyersiae Mannan PUL 1 

revealed that BS_04077GH76 was described to contain a Por-Secre tail in its C-

terminus (Chapter 4). The IMG analysis of the proteins composing the mannan 

PUL revealed that, in addition to BS_04077GH76, at least 6 other proteins were 

predicted to contain T9SS-accociated CTDs (Figure 5.   a). To investigate whether 

conserved motifs were present in these domains, last 70 amino acids of 14 

proteins in the PUL were aligned in Clustal Omega. 

Contrasting to the IMG analysis, conserved amino acid residues associated with 

the T9SS CTDs were found in 9 out of 14 proteins (Figure 5.  ). This included GH38, 

BS_04085, which displayed specificity for highly branched mannan polymers. 

Motifs were also found in three proteins of unknown functions: BS_04072, 

BS_04075, BS_04081 (Figure 5.  ). Proteins which did not carry CTDs were 

BS_04091GH97, BS_04089GH125, BS_04090GH76, BS_04078GH92, whilst 

BS_04088GH3 only seemed to possess elements of motif E but not B or D (Figure 5.   

b). GH97, BS_04091, is a predicted α-glucosidase or α-galactosidase, other three 

participate in yeast mannan degradation (Chapter 4). Both BS_04089GH125 and 

BS_04078GH92 displayed activities characteristic of periplasmic enzymes (Chapter 

4). Interestingly, among all proteins in the PUL BS_04090GH76 is the only one 

carrying a Signal Peptidase II (SPII) cleavage site, indicating that it is a lipoprotein, 

which is probably located on the cell surface.  
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Figure 5.  7 T9SS CTD in B. salyersiae Mannan PUL -1. Panel a: Table of proteins from Mannan 

PUL 1, IMG prediction for the presence of T9SS is indicated with ‘+’, shaded in blue were not 

detected in the proteomics data. Panel b: alignment of C-terminal amino acid residues of proteins 

in the Mannan PUL -1. Motifs B, D, and E are shaded in green, strictly conserved amino acid 

residues are highlighted in pink, other residues are colour-coded to match the residues shown in 

panel b. 9 out 14 proteins in Mannan PUL 1 contain motifs B, D, and E of the T9SS CTDs.  
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5. 3. 3 Role of T9SS in yeast α-mannan breakdown.  

The data in Chapter 4 showed that the enzymatic activity was associated with the 

cell surface of Bs and not the supernatant. This suggests that the T9SS does not 

secrete the enzymes into the milieu as soluble proteins, but instead, probably 

conjugates them to a surface structure such as LPS, as described in P. gingivalis 

(Gorasia et al., 2015, Madej et al., 2021). Nevertheless, we still investigated 

whether B. salyersiae deploys the T9SS to secrete proteins into the extracellular 

milieu during growth on mannan. Bs was grown on S. cerevisiae mannan and 

aliquots were collected for 13 hours to include lag, early-, mid-, and late- 

exponential, and stationary phases. At each time point, supernatant was 

concentrated 7 times with 10,000 Da VivaspinTM spin column for 20 mins at 4,000 

rpm at 4 ˚C. Supernatant was analysed with SDS-PAGE. To ensure cells were 

actively growing, a range of 10-fold serial dilutions was plated out to determine 

CFU ml-1 by colony counts. 

Consistent with previous observations, Bs displayed a lag phase, which was 

followed by a rapid mid-exponential growth (Figure 5.   a). CFU ml-1 data reflected 

this (Figure 5.   b), indicating that Bs was rapidly growing and dividing, and therefore 

cell death was limited. SDS-PAGE analysis showed that bands were detected in 

the supernatant which was collected from the mid-exponential phase and their 

intensity increased as growth continued (Figure 5.   c). At 24h time point, Bs entered 

a very late stationary phase, the ladder of proteins was a result of extensive cell 

lysis. This suggests B. salyersiae could be secreting proteins extracellularly in 

response to S. cerevisiae mannan.  
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Figure 5.  8 Growth of B. salyersiae on mannan from S. cerevisiae. Bs was grown on 10 mg ml-1 S. 

cerevisiae mannan anaerobically at 37 °C, cultures were collected at indicated time points. Panel 

a: OD590; Panel b: CFU ml-1; Panel c: SDS-PAGE analysis of concentrated supernatant from 

indicated growth phases. 13µl was resolved on 12.5% polyacrylamide gel, stained with Coomassie 

Blue. Wide Molecular Weight Ladder (Sigma, UK) was used as reference to identify protein sizes. 

Dataset represents 3 technical replicates 

To identify these proteins, the clearest two bands indicated with blue and black 

arrows (Figure 5.   c) were excised from the gel and subjected to analysis by mass 

spectrometry, performed by the Proteomics facility at the University of York, UK. 

Briefly, the procedure involved protein trypsinisation followed by analysis of 

peptides by matrix assisted laser desorption ionisation tandem time of flight mass 

spectrometry (MALDI-TOF/MS). The mass spectral data were matched to B. 

salyersiae CL02T12C01 genome available in the NCBI database using Mascot. 
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Threshold for the associated expect value was set to 0.05, fragment mass 

tolerance was set at 0.5 Da, a minimum of 2 matched peptides was required for 

protein identification. This analysis identified the largest band (1) as 

HMPREF1071_04522, 138 kDa protein, which was described as T9SS Type A 

sorting protein of unknown function (Figure 5. 9 a). The lower band (2) was 

identified as HMPREF1071_04520, 76 kDa protein, annotated as SusD (Figure 5.   

b).  

HMPREF1071_04522 and HMPREF1071_04520 are 100% identical to 

HMPREF1532_04081 and HMPREF1532_04079 in B. salyersiae WAL10018 

strain used in our lab. They are referred to here as BS_04081unknown and 

BS_04079SusD as in the Mannan PUL 1 characterised in Chapter 4 (Figure 5.   c). 
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Figure 5.  9 Mass spectrometric analysis of proteins found in cell free supernatant. Bands were 

analysed with MALDI-TOF. Mass spectral data were searched in Mascot against B. salyersiae 

CL02T12C01 genome available in the NCBI database. Fragment mass tolerance was set at 0.5 

Da, a minimum of 2 peptides with expect value lower than 0.05 were required for protein 

identification. Data represent two biological replicates. Panel a: Mascot analysis of band 1, 

identified as HMPREF1701_04522; Panel b: Mascot analysis band 2, identified as 

HMPREF1071_04520; Panel c: Location of newly identified proteins in Mannan PUL 1 in B. 

salyersiae WAL10018, HMPREF1701_04522 corresponds to BS_04081 – unknown, 

HMPREF1071_04520 – BS_04079 – SusD.  
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5. 3. 4 B. salyersiae produces Outer Membrane Vesicles (OMVs) 

The presence of soluble proteins in the supernatant during the mid-exponential 

growth is unusual for gut Bacteroides. As shown in Figure 5.8, the protein of 

unknown function BS_04081 contains a CTD targeting it to the T9SS, suggesting 

that it could be secreted in a soluble form. However, the second protein identified 

by MALDI-MS was SusD (BS_04079), a binding protein which is usually 

associated with SusC in the outer membrane to mediate import of 

oligosaccharides into the periplasmic space (Glenwright et al., 2017, Gray et al., 

2021). It could therefore be possible that the two proteins are associated with the 

outer membrane vesicles (OMVs), rather than being solubly secreted. Bt was 

previously shown to produce OMVs when grown in rich media, which were 

enriched in homologues of SusD and a range of other putative binding proteins 

(Valguarnera et al., 2018). Therefore, we looked for the presence of OMVs in the 

supernatant collected after growth of Bs on mannan and glucose.  

Bs was grown in 50 ml of defined medium with yeast mannan or glucose for 16 

hours. Supernatant was separated by centrifugation at 15,000 rpm for 30 min and 

filter sterilised. Potential OMVs were isolated by ultracentrifugation at 100,000 g 

for 2 hours and resuspended in 150 μl of sterile PBS. Samples were analysed with 

transmission electron microscopy (TEM), using negative staining, by Tracey 

Davey in the EM Research Services unit, Newcastle University.   

TEM revealed that Bs produces uniform OMVs in response to both glucose and 

yeast mannan (Figure 5.   a and b). Diameters of the OMVs were then measured 

using Fiji software. This showed that the OMVs produced in response to glucose 

varied between 30-80 nm in size, while OMVs produced in the response to yeast 

mannan ranged between 20-60 nm in dimeter (Figure 5.   d), these were harder to 
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measure due to electron dense contaminants in the sample, likely, originating from 

yeast mannan itself. Overall, OMVs generated in response to glucose were 

significantly larger (unpaired t-test ρ-value 0.0001) than the ones produced in 

response to yeast mannan (Figure 5.   c). These data do not prove that SusD 

(BS_04079) and BS_04081 are released associated with OMVs but suggests that 

this could be possible and aligns with the data showing surface associated 

enzyme activity.  
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Figure 5.  10 B. salyersiae produces OMVs in response to glucose (a) or yeast mannan (b). OMVs 

were purified as described in Methods and analysed with Transmission Electron Microscopy using 

negative stain. Pictures were taken at 20,000 x magnification with 100 kV accelerating voltage, 100 

nm scale is shown. Panel c: Diameters of OMVs from glucose (blue) and mannan (green) 

samples. Sample size equals 300 per treatment, dimeters were measured in Fiji, using the scale 

bar provided. Unpaired t-test was performed to test for statistical significance, **** - ρ<0.0001. 

Panel d: Representation of OMVs by their diameter range in glucose (blue) in mannan (green) 

samples. Error bars show SEM. 
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5. 3. 5 Biochemical characterisation of BS_04081unknown  

To elucidate the potential function of BS_04081, the encoding gene was cloned 

into pET28b vector by Carl Morland and recombinantly expressed in E. coli. 

Protein was purified with IMAC, soluble protein of 138 kDa was obtained (Figure 5.   

a). 

Prior to assays, amino acid sequence of BS_04081 was analysed with InterPro 

and Smart. This showed that BS_04081 was composed of a pectate lyase-like 

domain and a Big-2 domain, which overlapped with an invasin/intimin domain 

(Figure 5.   b). As expected, BS_04081 also contained T9SS Secre_tail domain in 

the C terminus (Figure 5.   b). Pectin lyase domains are characteristic of 

polysaccharide lyases, which target polysaccharides containing uronic sugars, 

however a similar fold can also be found in glycoside hydrolases and other 

proteins, therefore this prediction is not definite (Lombard et al., 2010, Garron and 

Cygler, 2014). In contrast, Bacterial-immunoglobulin (BIG)-like domains mediate 

cell adhesion to biotic and abiotic surfaces, contributing to pathogenesis species 

such as E. coli (Bodelón et al., 2013, Kelly et al., 1999). 
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Figure 5.  11 Analysis of BS_04081unknown from B. salyersiae. Panel a: SDS-PAGE analysis of 

recombinant BS_04081 purified with IMAC. Indicated fractions were collected and resolved on 

12.5% (w/v) polyacrylamide gel, protein was stained with Coomassie. Soluble protein of 136 kDa 

was eluted with the first wash of 100 mM imidazole in TALON buffer (20 mM Tris-HCl, 300 mM 

NaCl, pH=0.8). Wide Molecular Weight Ladder (Sigma, UK) was used to identify protein sizes. 

Panel b: InterPro domain analysis of BS_04081. BS_04081 is predicted to contain a Big2 domain, 

overlapping with an Invasin domain, as well as pectin lyase domain and Secre-tail CTD. 
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To test for enzymatic activity, BS_04081 was assayed against 4 mg ml-1 of 

mannan from wild type, mnn1, mnn5, and mnn2 S. cerevisiae strains. BS_04081 

was also incubated with 5 mM Ribonuclease B, which is decorated with Man8-

9GlcNAc2 N-glycan, and 1 mM α-1-Acid Glycoprotein, which is glycosylated with a 

complex N-glycan. No activity against any of the substrates could be detected 

(data not shown). To investigate whether activity of BS_04081 could be metal 

dependent, it was treated with 1 mM EDTA at 4 °C, EDTA was washed off and 

metals: MnCl2, MgCl2, CoCl2, CaCl2, NiCl2, ZnCl2, CuCl2 in excess were 

reintroduced in 100 mM MOPS. Again, no activity of BS_04081 could be detected 

against wild type, mnn1, or mnn5 mannans (data not shown), indicating that 

BS_04081 is not a mannan-degrading enzyme.  

PULs often contain at least one surface glycan protein, while the Sus system 

contains several: SusE and F, which capture glycans, potentiating their 

degradation at the cell surface (Koropatkin et al., 2008). The presence of a 

Big/intimin-like domain (Figure 5.  ) suggested that BS_04081 could function as a 

binding protein, therefore its ability to bind yeast mannan was assessed with 

NATIVE-PAGE affinity gels. Gels were prepared and run as described in Chapter 

2 Section 2. 4. 9, where migration of the protein on a native gel is compared to the 

one, which contains 1 mg ml-1 polysaccharide, in this case yeast mannan. If the 

protein binds to the substrate, its migration through the gel is retarded. Each lane 

was loaded with 5 μg of protein and Bovine serum albumin (BSA) (Sigma, UK) 

was used as a standard. This showed that without a substrate BS_04081 localised 

between bands indicative of a monomer and a dimer of BSA (Figure 5.   a). Addition 

of mannan from wild type S. cerevisiae induced a visible shift of the protein (Figure 

5.   b), suggesting formation of protein-substrate complexes and indicating mannan 
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binding. This shift was more enhanced in the presence of mnn1 or mnn5 mannan 

variants (Figure 5.   c and e). Upon addition mnn2 mannan, band level was 

comparable to that induced by mannan from the wild type yeast (Figure 5.   a and f). 

These data demonstrated BS_04081 was able to bind all types of yeast mannan, 

displaying preference for mnn1 and mnn5 mannan variants, whose sidechains 

lack α-1,3 mannosyl caps. This suggested that BS_04081 recognises and binds α-

1,2-linked mannosides with strong affinity.  
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Figure 5.  12 NATIVE-PAGE affinity gels of BS_04081 against S. cerevisiae mannan variants. 

Each loan contains 5 μg of protein, final concentration of substrate was 0.1% (w/v), BSA (Sigma, 

UK) was used as a ladder. Panel a and d: BS_04081 no substrate; Panels b-c and e-f: BS_04081 

against indicated substrates. Structural differences between all mannans are illustrated. 

Binding affinity of BS_04081 for mannan variants was quantified with isothermal 

titration calorimetry (ITC). Protein was dialysed in 50 mM HEPES, 150 mM NaCl 

(pH 7) overnight at 4 °C, substrates were prepared in dialysis buffer. BS_04081 at 
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20-25 μM was loaded into reaction cell and was repeatedly injected 27 times with 

10 μl aliquots of substrate, cell temperature was maintained at 25 °C. Kd and ΔH 

values were determined from the resulting heats using Microcal PEAQ-ITC 

software v1.30 (Malvern Panalytical), where concentration of ligand was adjusted 

such that number of binding sites was equal to 1. 

In agreement with the data obtained from NATIVE-PAGE analysis, ITC 

demonstrated that BS_04081 exhibits strong affinity for mnn1 and mnn5 mannan 

variants, giving Kd values of 1.18 and 1.38 mM, respectively (Figure 5.  ). This 

indicates that, while recognising α-1,2 mannosidic linkages in mnn5 mannan, 

BS_04081 prefers repeated α-1,2-linked mannosyl units such as those found in 

mnn1 mannan. BS_04081 still displayed strong binding to mannan from the wild 

type S. cerevisiae (Kd = 2.5 mM) (Figure 5.   a), suggesting that α-1,3-mannosyl 

caps do not interfere with binding. Binding of BS_04081 to mnn2 mannan is 10 

times lower (Kd= 31.6 mM) compared to mannan from the wild-type, and 20 and 

25 times lower than that to mnn5 and mnn1 mannan, respectively (Figure 5.    d). 

Thermodynamic parameters are summarised in Table 5. 2. 

 Overall, NATIVE-PAGE together with ITC analysis show that BS_04081 is a 

binding protein which prefers branched mannose polymers over linear, displaying 

strong affinity for α-1,2-mannosidic linkages.  
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Figure 5.  13 Binding of BS_04081 to mannan from wild type, mnn1, mnn5, and mnn2 S. 

cerevisiae strains by ITC. Mannans were titrated into BS_04081 at 20-25 μM in 50 mM HEPES 

150 mM NaCl pH 7. The stochiometry was fitted to a one-site binding model to determine Kd and 

ΔH.  
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Table 5.  2 Table of thermodynamic parameters of BS_04081 against different mannan substrates. 

Parameters were determined using Microcal PEAQ-ITC software v1.30 (Malvern Panalytical). 

Second law of thermodynamics ΔG = ΔH – TΔS, where ΔG – Gibbs free energy, ΔH – change in 

enthalpy, TΔS – change in entropy over time, was used to calculate TΔS. Kd stands for binding 

affinity 

5. 3. 6 Biochemical characterisation of BS_04072unknown 

Based on the binding properties of BS_04081, it was investigated whether other 

unknown proteins with T9SS CTDs from the Mannan PUL contain any of the 

similar domains. InterPro analysis revealed that another protein from this PUL, 

BS_04072 was predicted to possess Big_2 domain as well as FA58C and 

cadherin domains (Figure 5.   a), both of which are characteristic of binding proteins 

(Bodelón et al., 2013). GDSL domain is frequently found in esterases (Chepyshko 

et al., 2012) (Figure 5.   a).  

Gene encoding for BS_04072 was cloned into pET28b and recombinantly 

expressed by Carl Morland. Protein was purified with IMAC and analysed with 

SDS-PAGE, soluble protein of approximately 240 kDa was obtained (Figure 5.   b).  



 

 273 

t

 

Figure 5.  14 Analysis of BS_04072unknown. Panel a: Domain organisation of BS_04072 analysed in 

InterPro. Panel b: SDS-PAGE analysis of recombinant BS_04081.Elutions were resolved on 12.5 

% gel, soluble protein was eluted with 100 mM Imidazole in TALON buffer. Panel c: location of BS-

04072 in the Mannan PUL 1 

Enzymatic activity BS_04072 against wild type, mnn1, and mnn5 mannans with or 

without metals was not detected (data not shown). Binding ability of BS_04072 

was analysed with NATIVE-PAGE affinity gel, containing 1 mg ml-1 wild type yeast 

mannan or water as negative control. This showed that the presence of wild type 

yeast mannan induces a visible, though small shift of BS_04072 (Figure 5.  ), 

indicating that this protein is also able to bind yeast mannan. We also analysed 

binding ability of BS_04072 with ITC and were able to detect heat peaks, 

indicative of binding. However, due to the time constraints, this was performed in a 
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single experiment and we were unable to fit the curve to a one-site binding model 

and therefore the data is not presented in this thesis.  

 

Figure 5.  15 NATIVE-PAGE affinity gel of BS_04072 against 0.1% (w/v) yeast mannan. Lanes 

were loaded with 5 μg of BSA or BS_04072. Panel a: BS_04081 in a gel without substrate; Panels 

b: BS_04081 in a mannan containing gel. 
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5. 4 Discussion  

T9SS is composed of at least 20 different proteins, which assemble into trans-

membrane complex, which is used to either attach proteins to the outer membrane 

or secrete them extracellularly (Larsbrink and Mckee, 2020). It is well 

characterised in environmental and oral Bacteroidetes, such as P. gingivalis and 

F. johnsoniae, where it mediates expression of virulence associated proteases 

and gliding motility, respectively (Lasica et al., 2016, Mcbride and Zhu, 2013). In 

addition to gliding motility, T9SS was shown to implement extracellular secretion 

of a glycoside hydrolase, ChiAGH18, in F. johnsoniae (Kharade and Mcbride, 2014). 

Unexpectedly, in the process of biochemical characterisation of the enzymatic 

apparatus mediating yeast α-mannan breakdown in B. salyersiae (Chapter 4), we 

found that one of the glycoside hydrolases (BS_04077GH76) was described to be 

directed to the secretion by the Type 9 system. To date however, none of the 

members of the Bacteroides genus has been described to utilise T9SS, and 

therefore this was investigated further.  

BlastP search (version 2020) revealed that the genome of Bs possesses 

homologues of all structural components of the T9SS. This was confirmed with 

comparative proteomics, which showed that 12 T9SS structural proteins were 

produced by Bs during growth on glucose and mannan. These included all of the 

essential T9SS proteins such as the main porin SprA and its plug, intracellular 

regulators PorY and PorX as well as the PorP-PorK-PorL-PorM-PorN complex, 

which connects the regulators with the outer membrane. The main sortase PorU 

and its membrane stabilising protein PorV were also detected. These proteins 

were not upregulated but expressed at equal amounts in response to glucose as 
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well as yeast mannan, indicating that T9SS is ubiquitously expressed in Bs and 

processing of proteins via this system is nutrient source independent. 

Proteins targeted for the T9SS carry a unique signal in their C-termini, which is 

recognised by the components of the T9SS. The C-terminal domains (CTDs) 

guide T9SS substrates through the SprA pore, where they are cleaved by sortase 

PorU. The presence of CTDs in target proteins is pivotal for the secretion by the 

T9SS (Kharade and Mcbride, 2014, De Diego et al., 2016). T9SS CTDs are split 

into two Pfam Families: Type (A TIGR04183) and Type B (TIGR04131) (Veith et 

al., 2017, Larsbrink and Mckee, 2020), based on the conservation of amino acid 

residues. Type B associated motifs are not well established; however, it has been 

suggested that the main protein implementing gliding motility, SprB, in F. 

johnsoniae carries a Type B CTD (Kulkarni et al., 2017). Type A CTDs are 

characterised by their hallmark amino acid motifs B, D, E, which are conserved in 

an array of T9SS substrates from both P. gingivalis and F. johnsoniae (Veith et al., 

2017). Here, we found that B. salyersiae possesses at least 109 proteins, 

containing Type A CTDs, 20 of these proteins were predicted to belong to a range 

of GH families and the rest did not have functions assigned. In addition to B. 

salyersiae, TIGR04183 domain containing proteins were also found in B. nordii 

and a small number was detected in B. intestinalis and B. cellulosilyticus but not 

other gut Bacteroides. Characterisation of T9SS in these species was beyond the 

scope of this thesis.  

The role of the T9SS in the degradation of yeast α-mannan was then investigated. 

Here, we found that 9 out of 20 proteins enclosed in Mannan PUL 1 contained 

conserved amino acid motifs associated with Type A CTDs. Two of these proteins 

were mannan degrading enzymes BS_04085GH38 and uncharacterized 
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BS_04077GH76. A number of T9SS proteins in this PUL did not possess assigned 

functions. Despite not being able to detect enzymatic activity associated with the 

supernatant in Chapter 4, we still investigated whether any of the proteins were 

secreted into the extracellular space. This showed that indeed a few proteins 

accumulated in the cell free supernatant during growth on yeast mannan. In-gel 

analysis of these proteins by MALDI-MS identified the two most abundant of them 

as BS_04081 (unknown) and BS_04079 (SusD). As discussed in Section 5.3.4, 

SusD is a binding protein, which pairs with SusC to mediate import of 

oligosaccharides into the periplasmic space (Glenwright et al., 2017, Gray et al., 

2021). Secretion of SusD as a sole soluble protein into the extracellular space 

seemed unlikely but suggested that it could originate from OMVs. OMVs are 

membranous structures, which are produced by Bacteroides species such as B. 

fragilis and B. thetaiotaomicron (Elhenawy et al., 2014). The exact biological role 

of OMVs is unknown, however, they have been shown to be enriched with SusD-

like and other putative binding proteins as well as GHs (Valguarnera et al., 2018, 

Jones et al., 2020). TEM revealed that Bs produces OMVs in response to glucose 

and yeast mannan, indicating that this biological process is also independent of 

the nutrient source. Overall, OMVs released in response to glucose were larger 

than the ones produced in response to yeast mannan.  

In addition to SusD, MALDI-MS identified a putative Type-A T9SS protein, 

BS_04081. Biochemical characterisation of this protein did not reveal any 

enzymatic activity against yeast mannan that could be associated with this protein. 

In contrast, it was found that BS_04081 acts as a binding protein, displaying 

strong affinity for branched α-mannan substrates rather than linear. ITC 

demonstrated that BS_04081 exhibited particular preference for repeatedly linked 
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α-1,2- mannosides, such as those found in mnn1 mannan. BS_04081 does not 

share homology with any other proteins in gut Bacteroides with the closest 

homologue, sharing 35 % identity, found in Prevotella spp. The presence of OMVs 

suggests that BS_04081 and SusD could be packed together into or the surface of 

the membranous vesicles thus be released into the extracellular milieu to bind 

yeast mannan, somehow granting a better access to the substrate. It is still 

however possible that BS_04081 could be secreted as a soluble extracellular 

protein. One of the ways of testing this would be to raise antibodies against 

BS_04081 and investigate its presence in the ultracentrifuged supernatant 

collected from the OMV purification with Western Blot, while using OMVs as a 

control. Another way of testing this would be to concentrate the ultracentrifuged 

OMV-free supernatant and analyse it again on SDS-PAGE. This would show 

whether BS_04081 could be eliminated from the liquid fraction by 

ultracentrifugation together with OMVs or it remains in the OMV-free supernatant 

as a soluble protein.  

We then found another protein of unknown function, BS_04072, in Bs Mannan 

PUL 1, which also contained the Secre-tail CTD. Domain organisation of this 

protein suggested that it mediates binding, which was indeed confirmed with 

affinity gels and ITC, however the enzymatic activity against any mannan 

substrates could not be detected. Alignment of BS_04072 with BS_04081 in 

Clustal Omega showed that they shared only 20% sequence similarity. InterPro 

analysis, however, showed that both BS_04081 and BS_04072 contain a Big-2 

domain (IPR003343, pfam 02368). Bacterial immunoglobulin-like domains are 

commonly found in a variety of binding proteins in pathogenic E. coli strains and 

others such as Citrobacter and Yersinia spp. (Bodelón et al., 2013). In E. coli 
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these domains compose fimbral adhesins and non-fimbral proteins, such as 

intimins and invasins and other intracellular glycan binding proteins (Bodelón et 

al., 2013). In E. coli intimins are composed of Big_1 or Big_2 domains, which form 

β-stranded outer membrane proteins. These are used to interact with the host, 

mediating bacterial adhesion to enterocytes and the epithelial lining of the urinary 

tract, invasion of the Payer’s patches, collectively contributing to pathogenesis 

(Bodelón et al., 2013). Investigations into the crystal structure of intimins revealed 

that binding sites are located in the C-terminus of the domain (Batchelor et al., 

2000). Generally, CAZymes from gut Bacteroides contain a catalytic module, and 

some may contain a carbohydrate binding module (CBM), which does not confer 

catalytic activity, but instead facilitates binding to the target substrates. Currently, 

there are 88 CBM families listed in CAZy database 

(http://www.cazy.org/Carbohydrate-Binding-Modules.html). CBMs display 

differential specificities for a range of plant cell wall carbohydrates, some of which 

recognise long and complex structures, whereas others bind smaller 

oligosaccharide fragments (Gilbert et al., 2013). Binding of CBMs to 

polysaccharides has been suggested to disturb the integrity of the substrates, 

augmenting enzyme processivity (Gilbert et al., 2013). CBM27 and CBM23 have 

been identified to bind complex plant β-mannans such as konjac glucomannan 

and carob galactomannan, whereas CBM32 exhibited binding to fragmented 

galactomannan (Boraston et al., 2003, Mizutani et al., 2012, La Rosa et al., 2019). 

CBMs binding yeast α-mannan have not yet been identified. The binding ability of 

both BS_04081 and BS_04072, which only share a Big-2 domain in common, was 

unexpected. IMG analysis showed that, in addition to BS_04081 and BS_04072, 

Bs possesses 4 more proteins containing a Big-2 domain, all of which are targeted 
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for the T9SS. In contrast, Bt was found to possess only two proteins with a 

potential Big 2 domain. Interestingly, Cytophaga hutchinsonii upregulates a range 

of GH9s and GH8s during growth on crystalline cellulose, majority of which 

contain repeating Big domains as well as T9SS CTDs (Taillefer et al., 2018). Of 

note, only a small number of these enzymes contained CBMs (Taillefer et al., 

2018). The role of Big 2 domains in glycan metabolism is currently unknown and 

to investigate its contribution, binding ability of BS_04081 and BS_04072, lacking 

this domain, could be reassessed.  

Investigations into the crystal structure of this domain may help identify residues 

mediating binding, which could then be mutated, providing insights into the 

mechanism of substrate recognition. It still should be said that Big 2 domain is 

only 200 amino acids long, whilst the full length of BS_04072 is 2200 amino acids, 

resulting in a 240 kDa protein. In addition to Big 2 domain, BS_04072 contains a 

F5/8C domain, which overlaps with a cadherin domain. F5/8C domains are more 

common in glycoside hydrolases than Big 2, in vitro characterisation of this type of 

domain from a Paenibacillus GH16 revealed its ability to bind a set of β-glucan 

substrates as well as chitin (Cheng et al., 2009). Therefore, it is possible that in 

BS_04072 this domain also contributes to glycan binding. Production of a 240 kDa 

binding protein must come at a huge metabolic cost as, for comparison, the main 

pore-forming protein in the T9SS, SprA, is approximately 270 kDa and it is used to 

control the traffic of all T9SS substrates. This therefore heightens the role of 

BS_04072 in the breakdown of not only mannan layer per se but the fungal cell 

wall. It is possible that in vivo this protein grants access to multiple sugar layers of 

the cell wall, potentiating its enzymatic degradation. The impact of such binding on 

fungal physiology would also be interesting to address. 
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Environmental Bacteroidetes utilise T9SS to express a range of lectins and 

adhesins, which implement gliding and allow for nutrient scavenging in the soil 

(Larsbrink and Mckee, 2020). In F. johnsonii gliding was shown to be independent 

from the ability to utilise chitin, but not in Cytophaga hutchinsonii, in which motility 

is tightly linked with cellulose metabolism (Rhodes et al., 2010, Zhu and Mcbride, 

2014). Bs did not display motility, however it will be interesting to investigate 

whether the T9SS contributes to the ‘sharing’ mechanism of mannan utilisation 

and whether binding to mannan using proteins directed to the T9SS allows Bs to 

resist the competitiveness of Bt in the gut. This could be tested experimentally 

using genetic knock outs. The current genetic models used in our lab rely on 

antibiotic sensitivity, Bs, however, was found to be resistant to most antibiotics 

used in Bacteroides genetics, which made gene deletions difficult to achieve. To 

overcome this, we are developing a different genetic model which confers 

resistance to potassium tellurite. Tellurite is a highly toxic compound, which is 

used as a selection marker in multi-drug resistant E. coli and Pseudomonas 

strains (Sanchez-Romero et al., 1998, Cunrath et al., 2019). This required a 

construction of a novel conjugative plasmid, carrying thiopurine methyltransferase 

from Acinetobacter, which detoxifies tellurite to dimethyl ditelluride, giving colonies 

a black pigment. Introduction of gene knockouts in Bs is ongoing and was not 

described in this thesis.  

The current question that remains unanswered is why B. salyersiae maintains two 

types of systems, the lipoprotein pathway and the T9SS, to locate proteins on the 

outer membrane, when the majority of gut Bacteroides do not require the T9SS for 

effective glycan degradation. It was noticed as an observation that all proteins 

targeted to the T9SS in Bs are generally much larger than the typical Bacteroides 
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surface enzymes. Interestingly, majority of the T9SS substrates in Bs, including 

enzymes from the Mannan PUL, obtain a multi-modular organisation, comprising 

of CBMs, lectin and other glycan binding domains as well as domains of unknown 

functions. While the molecular weight of BS_04072 is 240 kD, the largest T9SS 

substrate we have identified in Bs was BS_00277, which folds into a 340 kDa 

protein. This protein is not grouped into a PUL and the InterPro analysis revealed 

that it contains at least 6 domains, one of which was predicted as a hydrolase 

domain, however the exact function of this protein is unknown. Similarly, secreted 

chitinase, ChiA, from F. johnsonii, contains a GH18 domain, which is followed by 3 

potential glycan binding domains, forming a 180 kDa protein. Cellulases from C. 

hutchinsonii, CHU_1075 and CHU_1335, display a similar organisation, where a 

catalytic domain is followed by multiple glycan binding modules, resulting in 

proteins of 2600 and 2200 amino acids long. Therefore, we hypothesise that the 

structural organisation and ultimately the size of a protein acts as a determinant 

for the secretion by the Type 9 system. Perhaps retaining the T9SS allows Bs to 

secrete enzymes with additional glycan binding modules, which augment their 

specificity, providing Bs an advantage in the competitive environment of the gut. In 

contrast, smaller proteins, containing a single catalytic module, are still secreted 

by the lipoprotein system, though how this system operates in Bacteroides is 

unknown.  

Another question is why T9SS is retained only in a subset of gut Bacteroides and 

it would be interesting to investigate how common these species are in human 

populations.  
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Chapter 6: Final Discussion  

The human gut is densely populated with a community of microbes, which is 

represented by both bacterial and fungal species (Turnbaugh et al., 2007, 

Underhill and Iliev, 2014). Bacteroidetes is one of the two dominant phyla of gut 

bacteria. These provide a range of beneficial attributes to the host, however their 

primary role is to degrade complex carbohydrates of dietary, host, and microbial 

origins (Koropatkin et al., 2012). While the capacity of the host to digest complex 

carbohydrates is limited, Bacteroidetes have been estimated to encode thousands 

of CAZymes capable of deconstructing a vast number of glycans (Lapébie et al., 

2019). CAZymes are co-encoded with binding and transport proteins to form 

saccharolytic systems, termed polysaccharide utilisation loci (PULs). Each PUL is 

designed to depolymerise a specific subset of glycans and its structural 

organisation often reflects the complexity of the target substrate (Martens et al., 

2008). Moreover, degradation of complex carbohydrates is not always 

orchestrated by a single PUL and often requires a number of loci to work in 

concert. These glycan-specific PULs are often conserved across a range of 

Bacteroides species, indicating that members can cooperate to degrade complex 

substrates. Gut bacteria rapidly adjust their metabolomes in response to dietary 

changes, where each member of the community has developed its own hierarchy 

for the utilisation of glycans (Rogers et al., 2013, Patnode et al., 2019). In addition 

to this differential prioritisation of food sources, members also deploy diverse 

strategies for the acquisition of glycans. Some members display strong 

competitiveness and utilise glycans in a ‘selfish’ mechanism, allowing them to 

occupy their respective niche (La Rosa et al., 2019, Sonnenburg et al., 2010). 

Whilst others, possess surface endo and exo-acting enzymes to initiate the 
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breakdown of complex glycans and generate a pool of simpler structures, which 

can be accessed by species of the same or different genera or even phyla 

(Rogowski et al., 2015, Rakoff-Nahoum et al., 2016). 

Fungi are also normal residents of the gut microbiota, whose abundance and 

diversity are dictated by the bacterial community (Richard and Sokol, 2019). 

Aberrant fungal growth is often associated with a range of disease states, which 

are tightly linked to the microbial dysbiosis in the gut (Hoarau et al., 2016). The 

fungal cell wall is composed of three layers of polysaccharides, where α-mannan 

forms the superficial layer, covering β-glucan and chitin layers. In addition to 

dietary carbohydrates, microbial polysaccharides, such as those in the fungal cell 

wall, serve as substrates for gut bacteria. B. thetaiotaomicron dedicates 4 different 

genetic loci to access fungal cell wall polysaccharides (Temple et al., 2017, 

Cuskin et al., 2015b). Whilst utilisation of fungal β-1,6-linked glucan is restricted to 

a single locus, which contains only 2 enzymes, the degradation of fungal mannan 

is mediated by a range of enzymes necessary to hydrolyse its diverse mannosidic 

bonds (Cuskin et al., 2015b, Temple et al., 2017). In fact, Bt has been estimated 

to dedicate about 15% of its total glycoside hydrolases to catabolism of α- and β- 

mannosidic bonds found mostly in fungal mannans or N-glycans.  

In Bt mannan degrading proteins are arranged into 3 distinct PULs, which 

combine to create a system, where surface endo-acting mannanases release 

large manno-oligosaccharides, which are then transported into the periplasmic 

space and degraded intracellularly (Figure 6. 1) (Cuskin et al., 2015b). Elements 

of these PULs were retainted by a number of strains of B. ovatus and B. 

xylanisolvens, who could utilise simplified mannan variants but not the complex 

polymer produced by wild type S. cerevisiae (Cuskin et al., 2015b). This presence 
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of mannan-specific PULs in species other than Bt strongly indicates that one 

species would initiate the breakdown, allowing others to cooperate and thrive on 

yeast mannan. In contrast, Bt was shown to deploy a ‘selfish’ mechanism of 

mannan utilisation and outcompete non-mannan degrading species in co-cultures 

in vitro. Based on the structural similarity of mannan PULs in Bo and Bx with Bt 

mannan PULs, it was hypothesised that all Bacteroides species would deploy a 

similar strategy of mannan utilisation. In vivo assays however showed that Bt 

strain lacking these mannan PULs outcompetes wild type Bt, when mice are fed a 

diet lacking yeast mannan. This therefore indicates that in the absence of 

mannan, the presence of mannan PULs provides a competitive disadvantage, and 

if mannan is unavailable to Bo and Bx in vivo, it is unclear why they retain these 

loci. Here it was also noticed that another gut bacterium, B. salyersiae, was able 

to grow on mannan to a higher OD600 than Bt, despite lacking PULs with structural 

synteny to Bt mannan PULs.  

This thesis aimed to further investigate the mechanism of mannan degradation by 

gut Bacteroides. Here it was found that, unlike Bt, Bs uses a range of exo- and 

endo-acting enzymes, which are grouped into a large PUL, to produce a pool of 

branched mannooligosaccharides and mannose at the cell surface (Figure 6. 1). A 

proportion of these oligosaccharides were then utilised by the poor-mannan 

degraders such as B. ovatus, B. xylanisolvens, and also B. finegoldii (Figure 6. 1). 

In vitro co-cultures also confirmed that the presence of Bs promoted growth and 

survival of Bx on yeast mannan. It was previously demonstrated that Bx 

outcompetes Bt in a co-culture where mannose is a sole carbon source, however 

experiments presented in this thesis demonstrate that Bs was able to share 

mannose with both Bt and Bx. Moreover, in a competition for yeast mannan with 
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Bt, Bs was able to survive a lot better than a non-mannan degrader. Analysis of 

cell free supernatant collected throughout the co-culture of Bt with Bs, indicated 

that manno-oligosaccharides, which are characteristic of the metabolic activity of 

Bs, began to appear in the media a lot sooner, than when Bs is grown on mannan 

on its own. This suggests, that while establishing dominance in the co-culture, 

either the metabolic activity or just the presence of Bt promoted growth of Bs on 

mannan. This was also reflected on the rapidly increasing OD600 of the co-culture 

as well as the CFU ml-1 numbers of Bs. The sharing phenotype was found to be 

specific to Bs, as, in line with the selfish strategy, mannan which was pre-digested 

with Bt did not promote growth of other Bacteroides species. 

Biochemical characterisation of proteins in Bs mannan PUL revealed that 10 of 

them were directed for the secretion by the Type 9 System (T9SS). The T9SS has 

been characterised in environmental Bacteroidetes, such as Flavobacterium 

johnsoniae and Cytophaga hutchinsonii, as well an oral pathogen from this 

phylum, Porphyromonas gingivalis (Larsbrink and Mckee, 2020). In these species 

components of the secretion system arrange into a multi-protein complex, which 

mediates attachment of proteins to the cell surface or their extracellular secretion. 

While in P. gingivalis the primary role of the T9SS is secretion of virulent 

proteases, in F. johnsoniae it implements gliding motility as well as extracellular 

secretion of a chitinase from the family GH18 (Larsbrink and Mckee, 2020). Chitin 

metabolism was shown to be independent of gliding in F. johnsoniae. In contrast, 

T9SS-mediated motility is coupled to the ability of C. hutchinsonii to degrade 

cellulose. Nonetheless, this type of secretion system has never been described in 

gut Bacteroides before. 
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Our analysis revealed that indeed the T9SS is present only in a small subset of 

gut Bacteroides, which included B. salyersiae, B. nordii, B. intestinalis, and B. 

cellulosilyticus. Investigations into the T9SS in species other than Bs were beyond 

the scope of this thesis and would require further investigation. Bs was found to 

possess all of the essential structural components of the T9SS, which were not 

upregulated but expressed at the same level during growth on glucose or mannan. 

It was also found that Bs directs over 100 proteins to the secretion by this system, 

only half of which were associated with PULs and 20 were predicted to function as 

glycoside hydrolases. Interestingly, Bs also directs all of its GH85s, which release 

N-glycans from the surface of glycoproteins, to the T9SS. These data suggest 

that, in addition to yeast mannan metabolism, T9SS probably contributes to 

metabolism and acquisition of other glycans. 

We next addressed the contribution of the T9SS in the breakdown of yeast 

mannan. Here, we discovered that Bs may potentially use the T9SS to secrete a 

mannan binding protein (BS_04081) into the extracellular milieu either in a soluble 

form or as part of the Outer Membrane Vesicles (OMVs). The role of the 

extracellular secretion of binding proteins is unclear and one possible hypothesis 

is that this high molecular weight protein could be used to opsonise yeast 

mannan, potentiating its degradation through the distortion of the integrity of the 

polysaccharide. This alleviation of steric contains might also make mannan more 

accessible to Bt, explaining the rapidly increasing OD600 when Bt and Bs are 

grown together. Conversely, another hypothesis is that mannan opsonisation 

prevents it from being degraded by other species, such as Bt, and this is what 

allows Bs to withstand the strong competitiveness of Bt. BS_04081 was found to 

possess a Big-2 domain, which, as discussed in Chapter 5, not only 
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uncharacteristic of proteins in gut Bacteroides, but also commonly found in 

pathogenic bacteria, contributing to their virulence (Bodelón et al., 2013). Here, we 

found another Big-2-domian-containig protein (BS_04072) in mannan PUL, which 

was also targeted for the T9SS. This protein also displayed mannan binding 

properties but is most likely localised to the cell surface contributing to mannan 

acquisition.  

As an observation it was noticed that the majority of the T9SS substrates in Bs are 

composed of multiple putative glycan binding domains, giving these proteins a 

very high molecular weight. Generally, gut Bacteroides encode a single surface 

glycan binding protein (SGBP) per PUL, with the exception of the Sus-operon, 

which contains two, SusE and F (Foley et al., 2016). Some glycoside hydrolases 

contain Carbohydrate Binding Modules (CBMs), which bind substrates to assist 

hydrolysis. CBMs which bind yeast α-mannan have not been characterised yet. In 

Bt, mannan degrading system was proposed to contain a single SGBP across 

three PULs, BT3791, estimated to fold into a 60 kDa protein (Cuskin et al., 

2015b). In contrast, both binding proteins, BS_04081 and BS_04072, in Bs are 

150 and 240 kDa in size, where Big-2 domain constitutes only 200 amino acids 

and the rest of the proteins is formed by other putative domains. While it was 

assumed that they contain a single binding site, considering their size and 

structural organisation, this may not be true. It is possible that in vivo both of these 

proteins are able to bind multiple components of the fungal cell wall, providing Bs 

a competitive advantage.  

In addition to these binding proteins, mannan PUL in Bs contains a T9SS-directed 

GH76 (BS_04077), which is most likely central to mannan breakdown in Bs. 

Unfortunately, for unknown reasons we were unable to clone this protein. InterPro 
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analysis showed that this GH76 contains CBM6 as well as numerous other 

putative binding modules, where the catalytic domain occupies only 30% of the 

protein. We did not attempt to clone just the CMB6 on its own or other putative 

domains, whose role in binding yeast mannan will be interesting to investigate in 

the future. It is also possible that, in addition to binding, this enzyme allows Bs to 

compete with Bt and orchestrates mannan sharing between other gut Bacteroides. 

Bs strain lacking this GH76 will shed more light on the role of this protein in 

mannan metabolism and cross-feeding. In addition to mannan PUL, an 

uncharacterised locus, annotated as PUL7 in PULDB, was upregulated in Bs in 

response to yeast mannan. Some proteins in this locus are also directed to the 

T9SS and their contribution to mannan breakdown has not yet been investigated. 

We propose that Bs deploys the T9SS to secrete glycan binding proteins, 

providing it a strong competitive advantage in a highly populated gut. We were 

unable to introduce mutations into Bs due to its resistance to all antibiotics used in 

Bacteroides genetics. We are currently developing a novel genetic model which 

relies on the resistance to a toxic metal, which will allow us to introduce mutations 

into the T9SS in Bs and dissect its contribution to mannan metabolism as well as 

acquisition of other glycans. 

B. salyersiae is not a well characterised representative of gut Bacteroides. A 

study, which used multi-omics data to associate microbial abundance with 

cytokine profiles, showed that the presence of B. salyersiae negatively correlated 

with the INF-𝛾 response elicited by C. albicans hyphae (Schirmer et al., 2016). 

INF-	𝛾 is the central cytokine driving the pathogenesis of inflammatory bowel 

diseases (IBD), such as Crohn’s disease (CD), and is produced in response to a 

range of inflammatory stimuli, including bacterial LPS (Langer et al., 2019). C. 
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albicans hyphal state, its overgrowth, and general microbial dysbiosis with 

decreased abundance of Bacteroides is highly associated with CD. Moreover, 

antibodies recognising man-α-1,3-man-α-1,2-man epitopes of fungal mannan are 

the hallmark of CD (Israeli et al., 2005, Young et al., 1998). These antibodies are 

called Anti-Saccharomyces cerevisiae Antibodies (ASCA) and are generated in 

the sera of CD patients in response to both mannan from S. cerevisiae as well as 

C. albicans (Standaert-Vitse et al., 2006). β-mannosylation has also been 

proposed to contribute to the production of these antibodies. The extent to which 

fungal mannan is degraded by gut bacteria is unknown, however, it is possible 

that generation of extracellular manno-oligosaccharides by Bs could contribute to 

the pathogenesis of CD (Figure 6. 1). Moreover, while being only partially 

addressed in this thesis, both C. albicans mannan-specific β-mannosidases 

contain SPII signals, indicating that they are probably located on the cell surface 

of Bt. Our preliminary data show that Bs displays a very slow growth on C. 

albicans mannan but eventually reaches the same OD600 as Bt. Given that gut 

Bacteroides cooperate to degrade yeast α-mannan, it is therefore possible that Bt 

uncaps C. albicans mannan with its surface β-1,2-mannosidases, generating 

substrates for Bs and other species. The cell wall of C. albicans is highly dynamic 

and responds to environmental stresses, such as oxidative stress, changes in 

temperature, pH, and carbon source via rearranging its sugar layers (Ballou et al., 

2016, Sherrington et al., 2017, Pradhan et al., 2018), suggesting that it will most 

likely react to bacterial degradation of its constituents. It will be interesting to 

investigate whether such degradation contributes to the ‘GUT’ phenotype of C. 

albcians (Pande et al., 2013) and results in increased incorporation of mannose 

into the cell wall, masking its highly immunogenetic β-glucan, or, conversely, 
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results in its enhanced exposure. Studying these Bacteroides-Fungi interactions in 

vivo will provide insights into how fungal commensalism is achieved and whether it 

contributes to the progression of diseases states.  
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Figure 6. 1 Summary of utilisation of fungal mannan between gut Bacteroides 
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Appendix A 

Ingredients composing Defined medium used throughout this study are listed in 

the table below. 

Media Component 
Amount 

per litre 
Details 

Defined Medium 

10X Bacteroides Salts 200 ml 

Bring volume to 1 

L with distilled 

water, filter 

sterilise 

Balch’s Vitamins 20 ml 

Trace Mineral Solution 20 ml 

Purine/Pyrimidine Solution 20 ml 

Amino acid solution 20 ml 

Vitamin K solution, 1 mg ml-1 2 ml 

0.8% CaCl2 2 ml 

FeSO4, 0.4 mg ml-1 2 ml 

MgCl2, 0.1 M 2 ml 

Hematin Histidine 2 ml 

Vitamin B12, 0.01 mg ml-1 1 ml 

L-Cysteine (Sigma-Aldrich) 2 g 

Balch’s Vitamins 

ρ-Aminobenzoic acid 5 mg 

Dissolve in distilled 

water, pH 7.0. 

Keep in the dark at 

4 °C 

Folic Acid 2 mg 

Biotin 2 mg 

Nicotinic acid 5 mg 

Calcium pantothenate 5 mg 

Riboflavin 5 mg 
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Media Component 
Amount 

per litre 
Details 

Thiamine HCl 5 mg 

Pyridoxine HCl 10 mg 

Cyanocobalamin 0.1 mg 

Thioctic acid 5 mg 

Amino Acid 

solution 

Alanine, Arginine, 

Asparagine, Aspartic Acid, 

Cysteine, Glutamic Acid, 

Glutamine, Glycine, 

Histidine, Isoleucine, 

Leucine, Lysine, Methionine, 

Phenylalanine, Proline, 

Serine, Threonine, 

Tryptophan, Tyrosine, Valine 

250 mg 

each 

Dissolve in 

distilled water, 

filter sterilise 

Trace Mineral 

Supplement 

EDTA 0.5 g 

Dissolve in 

distilled water, 

filter sterilise 

MgSO4*7H2O 3 g 

MnSO4*H2O 0.5 g 

NaCl 1 g 

FeSO4*7H2O 0.1 g 

CaCl2 0.1 g 

ZnSO4*7H2O 0.1 g 

CuSO4*5H2O 10 mg 
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Media Component 
Amount 

per litre 
Details 

H3BO3*2H2O 10 mg 

Na2MoO4*2H2O 10 mg 

NiCl2*6H2O 20 mg 

10X Bacteroides 

Salts 

KH2PO4 544 g Dissolve in 

distilled water and 

pH to 7.2, filter 

sterilise 

NaCl 35 g 

(NH4)2SO4 45 g 

Purine/Pyrimidine 

solution 

Adenine, Guanine, Thymine, 

Cytosine, Uracil 

200 mg 

each 

Dissolve in 

distilled water, pH 

7.0, filter sterilise 
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